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Summary

Multiple studies paved the way to realisation of the importance of gene
arrangement along a bacterial chromosome. Patterns have been observed
between the position of the genes that encode global regulators, their timely
expression during the growth cycle, proximity to their targets and gene
orientation with the consequences on local DNA topology. Further studies
sought to intervene with the existing chromosomal gene order by altering
positions of promoters, open reading frames and entire genes. This approach
proved useful to deeper understand the significance of the chromosomal
positions of the selected genes, the outcomes of breaching such and the
general biology of genes, proteins that they encode and chromosomal
dynamics. This knowledge is essential for creation of artificial biological
systems or even entire organisms that can be engineered to fulfil a desired task
in a fully predictable and controlled way.

In this thesis, two studies are described that built upon the idea of the
chromosomal gene importance, shared methodology and yielded results that
convey similar message, yet with unique highlights. In both studies Salmonella
was used as a model organism. In the first study, ihfA and ihfB — genes that
encode nucleoid-associated protein IHF, have been repositioned in several
ways. A reciprocal exchange of the open reading frames (ORFs) of the two
genes resulted in the OrfSwap™-"8 strain. The ORF of ihfB have been moved
downstream of jhfA, creating the strain with the /hfAB operon. The analogous
manipulations resulted in the /hfBA strain. In the other study, gyrA and gyrB —
genes that encode an essential topoisomerase DNA gyrase, have been
arranged in the gyrBA operon that naturally exists in many bacteria, other that
members of the class gammaproteobacteria. The artificial operonic

arrangement was a novel approach to the chromosomal gene rearrangements.

Multiple phenotypic tests, mostly related to growth and morphology of all the
strains, highlighted Salmonella’s ability to successfully tolerate rearrangements
of its genes. Minor alterations in the expression of SPI-1 and SPI-2 manifested
in the ability of the strains to enter and survive in murine macrophages.

Phenotypes, such as motility, competitive fithess, SPI expression and



expression of the repositioned genes, hinted that the strains with the operonic
arrangement of the IHF-encoding genes have higher resemblance to the WT
than the OrfSwap-h8 strain. The global DNA supercoiling in the gyrBA strain
was found to be altered in comparison to the WT and tuneable by the growth
medium composition, indicating potential broad outcomes on the global gene

expression.

The determination of the IhfA and IhfB protein levels by Western blotting in the
WT and the OrfSwap”™-"8 strains led to the discovery that InfB subunit is
present in the WT at a concentration that is almost twice that of the IhfA
subunit. This was confirmed by mass spectrometry that also showed that the
pattern was swapped in the OrfSwap™A-h8 strain. It was determined that higher
stability of ihfB mRNA is responsible for unequal production of IHF subunits.
The same MS experiment showed that multiple proteins involved in translation
are downregulated in the OrfSwap™-h8 strain, leading to the likely decrease in

the overall protein production.

Genes that encode DNA gyrase are located separately in gammaproteobacteria
but in many other bacteria they are arranged in the operon. This puzzling
inconsistency led to the comparative study of all the possible arrangements of
these genes among bacteria. Four different groups of gyrA and gyrB
arrangements were found that are based on 1 — operonic or separate
positioning, 2 — conservation of the genetic environment 5' of gyrB. It was found
that gyrB position is more conserved than that of gyrA.

Overall, this work confirmed the exceptional robustness of Salmonella towards
chromosomal repositions; advanced the understanding of differential
positioning of gyrA and gyrB between bacterial taxa, provided compelling
evidence for the exceeding production of IhfB over that of IhfA; and left ample
potential for future exploration.
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Chapter 1. General introduction



1.1 General introduction
1.1.1 Bacterial genome

At the basis of any living organism lies its genetic code that is inherited from
generation to generation and shapes the appearance of the organism, causing
it to resemble its relatives via gene expression. The complete set of genes of an
organism is referred to as its genome and takes different forms in different
organisms. In eukaryotes, the genome is organised within a membrane-
enclosed organelle called the nucleus and is composed of pairs of linear
chromosomes, number of which can vary greatly depending on a species
(Eichler & Sankoff, 2003). Prokaryotic genomes are also diverse and can be
composed of chromosomes of different numbers, sizes and shapes, as well as
plasmids. The biggest difference between eukaryotic and prokaryotic genomes
is the lack of nuclear compartmentalisation in prokaryotes — there is no nuclear
membrane. However, this does not mean that prokaryotic genomes are simpler
to understand. On the contrary, they are arguably as complex as eukaryotic
counterparts due to localisation in a structure referred to as nucleoid, that is

composed of DNA and multiple auxiliary proteins (Dame et al., 2020).

The classic bacterial genome is a single circular chromosome, such as the 4.6
Mb chromosome of the model bacterium Escherichia coli (Blattner et al., 1997).
However, multiple circular chromosomes can be found in other bacteria.
Members of Vibrio spp. harbour two chromosomes (Heidelberg et al., 2000),
while members of Epulopiscium spp. contain unprecedented tens of thousands
of chromosome copies (Mendell et al., 2008). Linear chromosomes exist in
other bacteria such as Streptomyces spp. (Tsai et al., 2011) and Borrelia spp.
The latter has telomeres at both ends of the genome that gives it extra stability
(Chaconas & Kobryn, 2010). The plant pathogen Agrobacterium tumefaciens
harbours one circular and one linear chromosome (Wood et al., 2001). It should
be noted that the circular chromosome of E. coli can be linearized without a
significant effect on the cell cycle or growth (Cui et al., 2007), while the linear
chromosome of Streptomyces can be circularized, both naturally and artificially,
but at a cost to genetic stability (Volff & Altenbuchner, 2000). Thus, the shape



that a bacterial genome acquires helps the organism to maintain genetic

information in an optimal state for utilization but is not essential for viability.

Salmonella enterica serovar Typhimurium is the organism that is focus of this
work. This bacterium possesses unigue characteristics of virulence and is a
popular model for study of the intestinal infection in mammals. The genome of
Salmonella is a single 4.9 Mb circular chromosome and a virulence plasmid.
The chromosome, with the genetic features that are important for this work
highlighted, is depicted in Fig. 1.1.

Among the features used by bacteria to adapt to the environment is the
flagellum — a structure that is assembled through a complex series of events.
Rotation of the flagellum allows it to propel the bacterium through its
environment in response to chemical gradients through the process known as
chemotaxis (Chaban et al., 2015). Another example of environmental
adaptation involves the reciprocal production of porin proteins in the outer
membrane of Salmonella and multiple other Gram-negative bacteria. Porin
OmpC is preferentially expressed in high osmolarity, while porin OmpF is
expressed at low osmolarity and has a pore size that can allow passage of
larger solutes (Nikaido, 2003). Their appropriate expression in response to
environmental cues ensures the optimal performance of the bacterium in the
context of its surroundings. The production by Salmonella of specialised
virulence structures, such as type 3 secretion machinery, is a further example
of adaptation to the environment, in this case to the small intestine of a
mammalian host. The genes that encode the type 3 secretion systems of
Salmonella are clustered in pathogenicity islands on the chromosome — large
contiguous tracts of genes that have been acquired by horizontal gene transfer.
Their colocation within the islands facilitates the coregulation of the expression
of these genes in complex and coordinated control networks that are
reminiscent of those governing the expression of the flagellum genes (Schmidt
& Hensel, 2004).

The colocation of genes encoding components of a common macromolecular
system is intuitively obvious. However, some other features related to the

genomic composition are less easily understood. While these features are



stably inherited and therefore maintained by the natural selection, the
immediate reason behind their presence is often obscure. For example, the
reason for the separate chromosomal location of some genes that code for
subunits of the same proteins such as DNA gyrase, topoisomerase IV, IHF, HU
is not immediately obvious. A priori, the co-expression and co-regulation of
such genes would seem to be more advantageous. As bacteria are frequent
subjects of horizontal gene transfer, the content of their genomes can vary in
ways that differ from the genome patterns seen in eukaryotes that arise from
patterns of microevolution that can be hard to notice and study (Bobay &
Ochman, 2017). How important is gene position within the chromosome? This
guestion is central to the scope of this work. A thorough understanding of the
aspects of the chromosomal gene positioning, the nucleoid, and Salmonella
infection is required to appreciate the aims and results of this work. These
topics will be introduced in this chapter.
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Figure 1.1 Circular chromosome of Salmonella enterica serovar
Typhimurium str. SL1344. Macrodomains are highlighted with colours.
Positions of oriC and dif are indicated. Positions and orientations of ihfA, ihfB,
gyrA and gyrB, as well as Salmonella pathogenicity islands SPI-1 and SPI-2

are indicated. The schematic drawing is not to scale.



1.1.2 The nucleoid

In spite of its seeming simplicity, the bacterial chromosome is a complex
structure. Figure 1.1 depicts the chromosome as a circle, in reality it is a multi-
layered, tightly folded mass of DNA that is highly structured at the nanometre,
micrometre and millimetre scale with the aid of DNA-binding proteins, RNA, and
DNA supercoiling. This allows genetic material of the chromosome to be
accessed when needed by the transcriptional and replication machinery, and
yet to be able to fit inside a cell that has length of only 1-2 ym, a diameter of 1

Mm and a volume of 1.5 fl (Volkmer & Heinemann, 2011).

At the coarsest level of organisation, the chromosome is subdivided into four
macrodomains — the regions that do not interact with each other (Valens et al.,
2004) and two non-structured regions — the regions that can interact with the
adjacent macrodomains (Fig. 1.1). The macrodomains occupy distinct positions
inside the cell throughout the cell cycle (Fig. 1.2a). This localisation is important
for correct chromosome segregation and is controlled by macrodomain-specific
proteins. Ter-binding MatP ensures timely segregation (Mercier et al., 2008),
SImA prevents FtsZ ring formation except at the Ter (Monterroso et al., 2019),
SeqA prevents over-initiation of replication at the oriC (Lu et al., 1994) and
takes part in gene regulation and chromosome organisation by binding at sites
other than oriC (Waldminghaus & Skarstad, 2009). The major player in
organising this chromosomal localization in Salmonella is the MukBEF protein
complex that belongs to the structure maintenance chromosome (SMC) family
of proteins and binds throughout the genome but with a preference to the Ori
macrodomain. MukBEF serves as a scaffold to navigate the replicated origin
towards the pole of a cell (Danilova et al., 2007). According to one of the
models of action, it does so via series of ATP binding/ hydrolysis that causes
the MukBEF complex to “walk” along the chromosome (Badrinarayanan et al.,
2012).

Further compaction of the nucleoid is achieved by small abundant proteins
called nucleoid-associated proteins (NAPs) and DNA supercoiling. Histone-like
nucleoid-structuring protein H-NS is a NAP, dimers of which are known to bind

AT-rich DNA to carry out gene regulatory and architectural functions (Gordon et



al., 2011). H-NS is able to form two types of nucleoprotein complexes:
nucleoprotein filaments and DNA-DNA bridges (Qin et al., 2019). These can be
interconverted with the aid of conformation change of H-NS dimers (van der
Valk et al., 2017; Shahul Hameed et al., 2019). The H-NS DNA bridging activity
shapes boundaries for nucleoid microdomains (Hardy & Cozzarelli, 2005).

Other NAPs important for nucleoid compaction are DNA bending proteins
Integration Host Factor (IHF), HU, Factor for Inversion Stimulation (FIS), DNA
protection against starvation (Dps) and curved DNA-binding protein A (CbpA).
IHF and HU are paralogous proteins that are very similar in structure, but
distinct in binding preferences (Swinger & Rice, 2004). The outcome of their
binding is substantial bending of DNA that is able to alter its path, thereby
contributing to altering local chromosomal architecture. FIS, like H-NS, can
bring together genome-wide FIS-binding sites, organising branched
plectonemes of DNA (Schneider et al., 2001). Binding of Dps and CbpA to DNA
at times of stress and starvation condenses the chromosome (Meyer &
Grainger, 2013). This condenses DNA to the state of crystalline structures that
ensure DNA protection but allow all cellular processes to occur due to formation

of phase-separated organelles (Janissen et al., 2018).

DNA supercoiling is a process whereby DNA is under- or over-wound and
reflects the extent of molecular interactions in which DNA is involved and is a
manifestation of stored potential energy that can be used to drive DNA
transactions, such as transcription and replication, that rely on DNA strand
separation. The extent of DNA compaction by supercoiling can change
throughout growth in batch culture. For example, during the period of extensive
growth at the exponential phase, DNA is more supercoiled, while during the lag
and stationary phases of growth it is more relaxed (Cameron & Dorman, 2012)
(Fig. 1.2b).

The parameters of DNA supercoiling can be described in terms of the linking
number (LK), that is a number of times one DNA strand passes over the other in
a double helix. Lk is composed of the twist (Tw), that is a number of helical
turns around the axis of the double helix, and writhe (Wr), that is a number of

times the axis of the helix passes over itself (Fig. 1.2c¢) (Higgins & Vologodskii,



2015). Twist and writhe can interconvert, while the Lk can change only upon
breaking of a DNA phosphodiester bond by DNA topoisomerases. Negative
supercoiling has the effect of making the DNA molecule more compact. DNA
free of any protein possesses the superhelical density (o) — the measure of a
difference between relaxed and supercoiled states of DNA) of -0.05
(Vologodskii et al., 1979).

Information in DNA can be thought of using the metaphors of digital and
analogue information, where the nucleotide sequence approximates to the
digital component and the shape, or topology, of the DNA represents the
analogue component. DNA shape is determined by the transactions taking
place within it (e.g. transcription and replication), the actions of topoisomerases
and the binding activities of proteins, including NAPs. The AT content of the
DNA contributes to its intrinsic shape with phased A-tracts, for example,
introducing intrinsic bends into the molecule (Haran & Mohanty, 2009; Rohs et
al., 2009). Bends and loops in DNA, can physically prevent DNA-protein
interactions but can be reversed to promote these interactions, introducing a
dynamic dimension to nucleoid architecture. Long-range interactions are
facilitated by the nature of nucleoid organisation, allowing sites that are located
in separated regions on a chromosome to come together in space (Dame et al.,
2020). It is possible that such interactions may facilitate the co-expression of
distantly located genes that contribute to a common output and enhance the
efficiency of assembly of their products into macromolecular assemblies. As
NAPs and DNA supercoiling are two of the factors responsible for nucleoid
structuring and maintenance, the particulars of the NAP IHF and the
topoisomerase DNA gyrase — important members of these nucleoid-structuring
categories, as well as other chosen players which relate to the current work, will

be discussed below.
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Figure. 1.2 Nucleoid is a dynamic entity. a) Ori and Ter macrodomain
positioning relative to the middle and the poles of a cell before and during
division. b) DNA is more supercoiled at the exponential phase of growth than
at the lag phase and the stationary phase. ¢c) DNA can change its linking
number (LK) via the change in twist (Tw) and/or writhe (Wr). Based on
(Dorman, 2013; Dame, 2020).



1.1.3 Integration Host Factor (IHF) and other NAPs

IHF was discovered as a co-factor important for the site-specific recombination
of bacteriophage lambda into and excision from the chromosome of E. coli
(Miller & Friedman, 1980), hence the name. IHF is a heterodimer of IhfA and
IhfB subunits, although evidence is accumulating that homodimeric forms of
IHF also exist and play distinct biological functions (Mangan et al., 2006; Prieto
et al., 2012). Every function of IHF is mediated by its ability to sharply bend
DNA to angles of up to 180 degrees. Each subunit consists of a 3-pleated sheet
arm that mediates DNA-binding and a body composed of a-helices that
promotes dimerization (Rice et al., 1996). IHF binds specifically to a conserved
sequence 5-WATCAANNNNTTR-3', where WisAor T, RisGor Aand N is
any nucleotide (Goodrich et al., 1990). This consensus sequence consists of
two conserved patches — before and after NNNN. The first patch is bound by
the arm of IhfA in the minor groove of DNA, while the second is bound by the
body of IhfB (Fig. 1.3a). Intercalation of prolines that are present in arms of both
subunits into DNA produces two large kinks in DNA making the DNA execute a
U-turn, wrapping around the protein in a dynamic nucleoprotein interaction
(Connolly et al., 2018). IHF binds to its consensus binding sequence strongly
(Ka = 2-20 nM), while binding to non-specific sequences is weak (Swinger &
Rice, 2004; Henneman et al., 2018). Prior to recognising its consensus binding
site, IHF scans DNA in a series of non-specific binding events that result in
partial DNA bending (Velmurugu et al., 2018).

IHF can play both positive and negative regulatory role in the initiation of
chromosome replication. Binding of DnaA in complex with ATP to its binding
sequences at oriC (DnaA boxes) initiates DNA replication via oligomerisation
and unwinding of the DNA helix at the AT-rich DNA unwinding element (DUE).
Binding of IHF to its consensus sequence at oriC stimulates binding and
oligomerisation of DnaA (Grimwade et al., 2000). Binding of IHF at the DARS1
and DARS?2 loci promotes synthesis of active DnaA-ATP (Kasho et al., 2014).
To inhibit the initiation of replication, IHF binds to the site located away from the

oriC at the datA locus. Binding of IHF there causes sharp DNA bend that in turn
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Figure 1.3 IHF structure and function in the initiation of chromosomal

replication. a) IHF heterodimer co-crystallised with H’ site of bacteriophage
lambda. Top and bottom view. b) Top — structure of oriC. Initiation of replication
begins with IHF binding and introducing a bend in DNA to promote binding of
DnaA to DnaA boxes (R1-R5). Orange indicates high-affinity binding sites and
yellow indicates low-affinity binding sites. DnaA binding promotes unwinding at
the AT-rich DNA Unwinding Element (DUE). Binding of FIS blocks IHF and
subsequent DnaA binding, inhibiting the initiation of replication. Binding of
SegA to 11 hemimethylated 5'-GATC-3' sites (black arrows at the top)
immediately after the initiation is inhibitory for the immediate re-initiation of
chromosomal replication. Bottom — DnaA-ADP to active DnaA-ATP conversion
is happening at DARS1 and DARS2 sites. DnaA-ATP to inactive DnaA-ADP
conversion occurs at DatA locus upon IHF binding, reducing size of active

DnaA pool. Drawn not to scale. Based on (Rice et al., 1996; Dorman, 2020).
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promotes DnaA binding at this locus, titrating it away from the oriC (Kasho et
al., 2017). (Fig. 1.3b).

As mentioned above, IHF is required for integration and excision of
bacteriophage lambda into/from the E. coli genome (Miller & Friedman, 1980;
Bushman et al., 1984). Both reactions are catalysed by the bacteriophage-
encoded Integrase protein (Int) — a prominent member of site-specific tyrosine
recombinase family. Int requires host-encoded IHF, as well as FIS and Xis, in
order to bring together distant sites that are required for the recombination
(Seah et al., 2014). Another recombination-based system — the fim switch, is
dependent on IHF as a co-factor. This shows that IHF is not only involved in
events within mobile genetic elements such as lambda, but also contributes to
regulatory mechanisms in the host genome. The orientation of the invertible
element of the fim switch determines the appearance of fimbriate or afimbriate
cells. Binding of IHF at its two consensus sites within the switch, along with
binding of other NAPs and DNA topology, is responsible for the efficient
inversion of the switch. IHF bends DNA to allow FimB and FimE tyrosine
integrases to carry out the directional recombination reaction between the
inverted repeats that surround the invertible element (Dorman & Bogue, 2016)
(Fig. 1.4a). The DNA-bending properties of IHF also ensure correct
transposition of bacteriophage Mu and transposable elements, such as Tn10
(Kobryn et al., 2002; Crellin et al., 2004).

IHF is extensively involved in the regulation of transcription. Transcriptomic
studies that were using single and double IHF subunit deletion mutants
determined the role of IHF in regulation of multiple genes involved in virulence,
motility, chemotaxis, stress, metabolism and those encoding stationary-growth-
phase-specific (Mangan et al., 2006; Prieto et al., 2012). The mechanisms by
which IHF regulates transcription are all dependent on this NAP’s DNA bending
activity. It can recruit the RpoS sigma factor of RNA polymerase to a promoter,
exemplified by the Py Of Klebsiella pneumoniae, the Ppy of the Pseudomonas
putida, and Pgps of E. coli (Santero et al., 1992; Macchi et al., 2003; Altuvia et
al., 1994). IHF binding can also lead to a displacement of a supercoiling-
induced DNA duplex destabilisation (SIDD) structure by transferring energy,
that is absorbed by the SIDD in the absence of IHF, from an IHF binding site
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downstream to the promoter region, resulting in formation of an open complex
at the Pivpc (Sheridan et al., 1998).

IHF also plays a role in CRISPR-Cas immunologic memory. There is an IHF-
binding site in the leader peptide of the CRISPR-I locus in E. coli (Yosef et al.,
2012). Spacer acquisition was inactivated in E. coli mutants where IHF mutants
was unable to bind to DNA and it was restored when IHF was provided in-trans
on a plasmid (Nufiez et al., 2016). Targeted deformation of DNA is a
prerequisite for the specific recognition of CRISPR leader peptide by Cas1-
Cas2 integrase (Fig. 1.4b).

IHF in other bacterial phyla is structurally different but provides similar
functionality. IHF of Streptomyces coelicolor (sIHF) binds DNA as a monomer
and stabilizes, rather than introduces, DNA bending (Nanji et al., 2019). This
NAP influences chromosome condensation, segregation, antibiotic production
and, thus, gene expression regulation (Swiercz et al., 2013). IHF of
Mycobacterium tuberculosis (mIHF) is similarly monomeric and structurally
unrelated to IHF of E. coli and is able to induce DNA bending and compaction
(Odermatt et al., 2020). Interestingly, mIHF can complement IHF subunit
deletion mutants in E. coli for growth against genotoxic stress, nucleoid
compaction and recombination (Sharadamma et al., 2014).

It should be noticed that NAP composition between different bacterial phyla
differs. For example at least one HU subunit, member of the same IHF/HU fold-
containing family, is present in all the bacteria (and other kingdoms of life)
(Grove, 2011), while IHF-like proteins are almost exclusively found in
Proteobacteria (Dey et al., 2017; Kamashev et al., 2017). Even though bacteria
in different phyla have unique NAP composition, the general functions of these
proteins remain the same — structuring of nucleoid architecture and regulation

of gene expression.

The NAP composition of E. coli and Salmonella is the same. There is a core set
of such proteins that are most abundant and are widely recognised as NAPs.
Other proteins, such as Hfg, DnaA, MukB, may or may not be referred to as
NAPs depending on a context by different researchers (Ali Azam & Ishihama,
2015; Dorman, 2014). There are at least 10 NAPs found in these species (Ali

13



Azam et al., 1999; Dillon & Dorman, 2010) (Table 1.1). Apart from IHF and HU,
some of the most studied NAPs are H-NS, StpA, Dps, Fis, LRP and MukB.
Some NAPs are expressed throughout the growth cycle, while others are found
only at a particular phase of growth (Ali Azam et al., 1999; Dillon & Dorman,
2010; Ali Azam & Ishihama, 2015). Intrinsic DNA curvature, flexibility and
sequence specificity are the parameters that characterise binding sites for most
of these proteins (Liu et al., 2018). Post-translational modifications of NAPs
may affect their oligomerisation, DNA-binding properties and interactions with
other proteins, adding further level of complexity to understanding functions of
these versatile proteins (Dilweg & Dame, 2018).
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Figure 1.4 Role of IHF in fim switch of E. coli and in CRISPR-Cas. a) The
FimS invertible genetic switch of E. coli. To produce type 1 fimbriae and
express it on its surface, E. coli needs to transcribe its fim operon located
downstream of the fimS switch. The promoter that drives transcription of this
operon in the ON state is located within the switch, flanked by the right and
the left invertible repeats (IRL and IRR). Expression of the FimB and FIimE
tyrosine integrases in the ON state drives the recombination of the invertible
repeats by the dominant FimE integrase, inverting the switch from the ON-to-
OFF state. Fim operon is not transcribed in the OFF state, due to its promoter
facing the other direction. Rho-dependent terminator stops transcription of the
fimE prematurely, allowing FimB integrase to drive recombination of the
switch from the OFF-to-ON state. Binding of IHF and LRP at their cognate
sites allows the inversion in both directions by enabling response to
supercoiling. H-NS is inhibitory to fimB and fimE transcription in the
temperature-sensitive way. Green dashed arrows indicate sites of action of
the proteins. b) CRISPR array of the CRISPR-Cas system. IHF binding at the
leader peptide causes bending that promotes specific recognition of the
leader peptide by the Cas1-Cas2 integrase and subsequent spacer

acquisition. Based on (Bogue & Dorman, 2016; Nufiez et al., 2016).
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Table 1.1 Nucleoid-associated proteins of E. coli and Salmonella.

Name DNA DNA Self- Binding specificity Subunit composition Reference
bending bridging aggregation
IHF Yes Yes - (A/T)ATCAANNNNTT(A/G) Heterodimer (Swinger & Rice, 2004;
Yoshua et al., 2020)
HU Yes - - Non-specific with preference for Heterodimer or (Guo & Adhya, 2007)
AT-rich or curved DNA homodimer

H-NS - Yes - AT-rich DNA and TCGATAAATT  Homodimer or (Dame et al., 2006)
heterodimer with StpA

StpA - Yes - AT-rich DNA Homodimer or (Zhang et al., 1996)
heterodimer with H-NS

Fis Yes Yes - AT-rich flanked by GC pairs Homodimer (Cho et al., 2008)

Dps - - Yes DNA secondary structures Dodecamer (Almirdn et al., 1992)

MukB - Yes - Preference for ssDNA Homodimer (Niki et al., 1991)

LRP Yes Yes - (T/IC)AG(AITIC)AAIT)ATT(A/T)T( Monomer or octamer (de los Rios & Perona,

AIT/G)CT(A/G)

or hexadimer

2007)
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Name DNA DNA Self- Binding specificity Subunit composition Reference
bending bridging aggregation
CbpA - - Yes AT-rich and curved DNA Homodimer or (Cosgriff et al., 2010)
heterodimer with
CbpM
CbpB - - - Curved DNA Monomer (Kakeda et al., 1995)

18



1.14 DNA gyrase and other topoisomerases

Apart from NAPs, DNA superhelicity is the other major organising compaction
factor of the nucleoid. The overall underwound nature of a chromosome, stated
in section 1.1.2, means that to achieve a minimal energy state, a chromosome
adopts a writhed conformation that absorbs the energy excess: this is referred
to as negative supercoiling (Higgins & Vologodskii, 2015). This transformation
of DNA shape that works in combination with the action of NAPs results in the
overall compaction of the nucleoid (Dorman & Dorman, 2016). The opposite
state when a chromosome is overwound is referred to as positive supercoiling.
Not all organisms have their genome negatively supercoiled, some archaea that
dwell in hyperthermal environments keep their genomes positively supercoiled
as an adaptation to the heat stress (Lipscomb et al., 2017).

The ability of DNA supercoils to store energy that can be used in other DNA
transactions, implies that the supercoiling state of a chromosome is tightly
linked to the energy state of a cell. Indeed, the intracellular ATP/ADP ratio
determines the supercoiling state of DNA (van Workum et al., 1996). This is
because supercoiling is influenced by the action of enzymes called
topoisomerases that are powered by ATP hydrolysis. There are four
topoisomerases in E. coli and Salmonella (Table 1.2). It is a combinatory action
of all topoisomerases that sets DNA supercoiling at both global and local levels.
Two of these, DNA gyrase and Topoisomerase IV (Topo V), are ATP-
dependent type-Il topoisomerases, while Topoisomerases | and Il are ATP-
independent type-I topoisomerases. The type of topoisomerase is based on the
mechanism that the enzyme uses to change the linking number of the DNA
duplex — in two steps and creating double-stranded DNA break (type II), or in
one step and introducing single-stranded break in DNA (type 1) (Champoux,
2001).

DNA gyrase of bacteria is composed of GyrA an GyrB subunits that are
arranged in a heterotetrameric configuration. It belongs to the type lla

topoisomerase family sharing homology to Topo IV and Topoisomerase Il of
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Table 1.2 DNA topoisomerases of E. coli and Salmonella.

Name Gene (s) Mr (kDa) Function (s) References

Type |

Topo | topA 97 Relaxation of negative (Bates &
supercoils (ATP- Maxwell,
independent). 2007)

Topo I topB 73.2 Decatenation, weak DNA (Perez-
relaxation (ATP-independent). Cheeks et

al., 2012)

Type Il

DNA gyrase gyrA/gyrB 105/ 95 Introduction of negative (Higgins et
supercoils, removal of positive al., 1978)
supercoils (both ATP-
dependent), DNA relaxation
(ATP-independent).

Topo IV parC/ parE 75/ 70 Decatenation of daughter (Bates &
chromosomes, removal of Maxwell,
positive and negative 2007)

supercoils (ATP-dependent).
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yeast and higher eukaryotes and has a unique function among other
topoisomerases to introduce negative DNA supercoils that makes it
indispensable (Champoux, 2001). Despite a detailed understanding of gyrase’s
structure and mechanism, a crystal structure of a full DNA gyrase
heterotetramer of E. coli, complexed with DNA, was obtained only recently
(Vanden Broeck et al., 2019a). GyrB contains an ATP-binding site at its N-
terminus and a C-terminus that contains a DNA capture domain and is
responsible for the interaction between the subunits and a TOPRIM fold that
allows Mg?* metal ion binding. The N-terminus half of GyrA contains the active
site tyrosine within so-called CAP domains, while the C terminal half contains
GyrA-box motif within a B-pinwheel structure that is essential for DNA wrapping
(Champoux, 2001; Vanden Broeck et al., 2019a) (Fig.1.5a).

The process of introducing a negative supercoil by DNA gyrase is precisely
orchestrated (Fig. 1.5b). A DNA molecule can be thought of as being composed
of a portion in which dsDNA break is made (gated or G-segment) and a portion
that is passed through this break in order to introduce a supercoil (transport or
T-segment). The dynamic heterotetramer can provide a high-affinity binding site
for the G-segment DNA as well as three gated cavities in order to guide the T-
segment: N-gate (opening between the N-termini of ATPase domain of GyrB
subunits), DNA-gate (opening where the T segment passes through the G-
segment) and the C-gate (opening between GyrA subunits that provides exit for
the T-segment). The series of gate opening-closing events that happen at the
expense of two molecules of ATP are shown on Fig. 1.5b. The 4 bp staggered
dsDNA cleavage of the G-segment is accompanied by the formation of a
transient phosphodiester bond between the 5' of the cleaved DNA and the
active site tyrosines (Champoux, 2001; Vanden Broeck et al., 2019a).

Apart from introducing negative supercoils into a relaxed DNA substrate, DNA
gyrase can use the same mechanism to remove positive supercoils at a rate
that exceeds that of the negative supercoil introduction (Ashley et al., 2017).
This is important when positive supercoiling is introduced in front of the moving
DNA or RNA polymerases during replication and transcription. Resolving

supercoiling patterns that are generated by the moving replication fork during
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chromosomal replication and transcription apparatus during transcription is an
important function carried out by topoisomerases. While DNA gyrase removes
positive supercoils generated in front of the moving polymerases, Topo | and
topo IV are responsible for the relaxation of negative supercoils that are
generated behind the moving RNA polymerase (Fig. 1.6a) (Liu & Wang, 1987,
Chong et al., 2014). Topo IV is responsible for decatenation of newly replicated
DNA behind the moving DNA polymerase (Fig. 1.6b) (Koster et al., 2010;
Kraemer et al., 2019). Malfunction of any of the components results in stalling
of the RNA or DNA polymerase and subsequent interruption of the

corresponding reaction.

The mechanism of action of Topo IV is identical to that of DNA gyrase, except
the substrate is not a single DNA molecule, but different molecules. While DNA
gyrase is essential, due to its unique function, Topo IV can be absent from
some bacteria, for example most Mycobacteria, Campylobacter jejuni,
Deonococcus radiodurans. Decatenation in these bacteria is likely to be carried
out by DNA gyrase (Manjunatha et al., 2002). In bacteria with linear genomes,
such as Streptomyces, Topo IV is present, although it is not required for
decatenation of linear chromosomes. In these bacteria Topo IV is required for
decatenation of spontaneously-forming circular replicons that form due to
telomere-telomere interactions and circular plasmids (Huang et al., 2013). DNA
gyrase is estimated to be present at 600 copies per E. coli cell of which about
300 molecules are DNA-bound at any given time, presumably catalysing
supercoiling adjustment reactions (Stracy et al., 2019). Of these only about 12
enzymes are associated with each replisome and ensure efficient resolving of
positive supercoils, introduced by very fast-moving replication machinery
(travelling at about 1000 base pairs per second) (Reyes-Lamothe et al., 2008),
by performing multiple rounds of catalysis without dissociating from DNA
substrate (Stracy et al., 2019). In line with gyrase’s activity in removal of
positive supercoils in front of RNA polymerase, high association of DNA gyrase
binding sites with highly transcribed operons was found in a recent ChIP study
(Sutormin et al., 2019). Two other topoisomerases of enteric bacteria are
monomeric, ATP-independent Topo | and Topo lll. Both enzymes make a

transient cut in a single strand of DNA and use the energy stored in DNA to
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drive the passage of the intact strand through the cut (Champoux, 2001). While
the main function of Topo | is resolving negative supercoils (Fig 1.6a), Topo Il
is mainly involved in decatenation but has a weak DNA relaxation activity too
(Perez-Cheeks et al., 2012). DNA gyrase can also relax DNA independently of
ATP, but this activity is evident only in the absence of ATP (Williams & Maxwell,
1999).
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Figure 1.5 DNA gyrase structure and function. a) Schematic
representation of the major domains of the GyrA-GyrB complex. Not to scale.
b) The process of introduction of a negative supercoil by DNA gyrase. Colours
of the subunits correspond to those in the panel a. G-segment and T-segment
DNA are shown in orange and blue, respectively. (1) All gates are closed and
G-segment DNA binds to the DNA gyrase. (2) The N-gate opens, and the T-
segment DNA passes through it guided by wrapping around the CTD of GyrA.
(3) The N-gate closes and two ATP molecules bind to ATPases of each GyrB
subunit. (4) The DNA gate opens, and the G-segment is cleaved with aid of
the active site tyrosines at the expense of 1 ATP molecule that is converted to
ADP+Pi. (5) The DNA gate closes, the G-segment is repaired the C-gate
opens through which the T-segment exits the enzyme at the expense of the
other ATP molecule. Based on (Champoux, 2001).
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Figure 1.6 The topological environment of DNA replication and
transcription. a) Movement of RNA polymerase during transcription in a
piece of DNA restricted by barriers to supercoil diffusion introduces positive
supercoils ahead and negative supercoils behind. DNA gyrase acts to
resolve positive supercoils, while Topo | and Topo IV act in conjunction to
resolve negative supercoils. b) Movement of replisome creates a region of
positive supercoiling ahead that is resolved by DNA gyrase, and
precatenases of the newly replicated DNA behind that are resolved by the

action of Topo IV. Based on (Dorman, 2020).
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1.1.5 Salmonella infection

Salmonella is an important pathogen that diverged from E. coli about 100
million years ago (Doolittle et al., 1996) and is distinguished from it mainly by a
number of horizontally acquired genetic features whose expression is the basis
of Salmonella’s pathogenicity. The species Salmonella enterica account for
most human infections. The nomenclature of Salmonella is very complex —
Salmonella enterica is further categorised into over 2000 Serovars that are
defined by somatic (O) and flagellar (H) antigens (Brenner et al., 2000).
Human-restricted Serovars Typhi and Paratyphi cause typhoid fever in humans
— condition characterised by systemic infection that was an important cause of
death until the invention of antibiotics (Parry et al., 2002). Not-typhoidal
serovars such as Typhimurium and Enteritidis are responsible for nontyphoidal
salmonellosis (NTS), both non-invasive and invasive (INTS). NTS is
characterised by an acute gastroenteritis with substantial liquid loss, while INTS
is a febrile systemic disease (Kurtz et al., 2017). All of these diseases are
associated with poor hygiene and contaminated water sources. They pose a
threat in the developing world but can also cause outbreaks in the developed
world and are associated with natural disasters and humanitarian crises (Kurtz
et al., 2017; Gilchrist & MacLennan, 2019).

There are at least 17 horizontally-acquired regions in Salmonella called
Salmonella Pathogenicity Islands (SPIs) that are responsible for different
stages of virulence (llyas et al., 2017). Some encode type Il secretion systems
(T3SS), pathogenicity effectors and their regulators that mediate the
bacterium’s invasion and intracellular survival (SPI-1 and SPI-2). Others
mediate adhesion to epithelial cells (SPI-4) or immune evasion (SPI-12) or take
part in multiple virulence-related mechanisms (SPI-5) (llyas et al., 2017). There
is an interplay between different SPIs. For example, effectors of SPI-2 are
encoded on SPI-5, on SPI-12 or on prophages. Their regulation is highly
complex and is mediated by regulators encoded within SPIs and in the core
genome at both transcriptional and post-transcriptional levels (Kréger et al.,
2012; Martinez et al., 2014). Being horizontally acquired, SPIs have a high AT-
content. This implies that they are silenced by H-NS to prevent unnecessary
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and costly expression and expressed only when environmental conditions are

permissive to do so (Stoebel et al., 2008).

Once Salmonella cells are ingested by a host, they have to withstand the acidic
environment in the stomach and competition from commensal bacteria in the
gut, before reaching a dedicated entry point at the lumen of small intestine. This
means that to establish a successful infection, large numbers of Salmonella
cells must be ingested (Kurtz et al., 2017). After Salmonella colonise the gut
lumen, they promote inflammation in order to survive. This is a strange notion,
given that a rapid innate immune response of a host is effective at killing
pathogens. However, Salmonella evolved to evade the immune response and
thrive with its aid (Kurtz et al., 2017; Peterson & Artis, 2014). Induction of SPI-1
expression in the gut lumen results in active invasion of intestinal epithelial cells
via the expression of T3SS-1 needles that inject SPI-1 effectors into a host cell,
remodelling its actin cytoskeleton and inducing surface ruffling and subsequent
uptake of Salmonella (Galan, 1996). After multiple bacteria gain access to the
epithelial cell, they induce the normal state of the epithelial cell’s surface to
avoid an excessive immune response that could be detrimental for Salmonella.
A SPI-1 independent mode of entry is also possible and occurs via Microfold
cells (M cells) — a type of cell that performs sampling and uptake of luminal
antigens and bacteria for the normal activity of the immune system or via

routine luminal sampling by dendritic cells (Fig. 1.7) (Peterson & Artis, 2014).

The immediate innate immune response to Salmonella encompasses powerful
cytokine secretion, neutrophil influx, and recruitment of other immune cells,
such as macrophages and dendritic cells. In part, this aids clearing the
infection, however, it also induces widespread tissue damage and associated
fluid loss (Broz et al., 2012). Following emergence from the basolateral
membrane of epithelial cells, Salmonella encounter macrophages that are
recruited in large numbers to the site of inflammation. Macrophages are
phagocytic cells that kill engulfed pathogens by a combination of acidic pH,
reactive oxygen and nitrogen species, hydrogen peroxide and lysozyme.
However, followed by phagocytosis or SPI-1-induced active entry of Salmonella
and its localisation inside a Salmonella-containing vacuole (SCV), these

mechanisms fail to eradicate the pathogen. The acidic pH that bacteria
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encounter inside a SCV is an environmental cue for expression of SPI-2. H-NS
repression of SPI-2 is lifted by the combined action of SPI-2-encoded and core
genome regulators and results in a number of measures that prevent
macrophage-mediated bacteria killing mechanisms. SPI-2 expression prevents
lysosomal fusion with the SCV, arrests oxidative burst and nitric oxide
production (Figueira & Holden, 2012). Salmonella’s own cytosol acidifies to pH
5-6 (Chakraborty et al., 2015). Negative supercoiling during adaptation to acid
stress is inhibited (Colgan et al., 2018), resulting in the relaxation of
Salmonella’s genome (O'Croinin et al., 2006). This results in de-repression of
SPI-2 with the aid of enhanced OmpR binding (O'Croinin et al., 2006; Quinn et
al., 2014). The main product of SPI-2 expression is the T3SS-2 needle that
ejects the relevant effectors into the cytosol of the macrophage, mediating
maturation of SCV to achieve Salmonella replication and eventual release
(Figueira & Holden, 2012). After bursting of a macrophage and emergence,
Salmonella cells are available to proceed with the macrophage infection cycle
again or disseminate to the bloodstream, causing infection of organs and

bacteremia in a permissive host (Fig. 1.7) (llyas et al., 2017).

29



Loss of epithelial barrier function

o ]
£ =
_g. 8 C._’< T

Q
© = il-i .
w jutrophll induced Neutrophil recruitment
© c - lissue damage . l ‘
_— Q
15 - ©
3z <

R4

FF‘%

- x : N
Systemic
SPI-1-mediated dissemination

wv
3 S &
L
o
T @ .
= Actin rearrangeme
- O
TR
58
SE
[ &
2 €
> o

Macrophage
Microfold cell burst and

dissemination
V 4

@\@ P

-_
Intestinal ' )) - =)
epithelial cell
SPI-2-induced
'I“ght junction SCV maturation

and dissemination

Salmonella __

cells

Intestinal Basolateral
lumen membrane Lamina propria

30



Figure 1.7 Salmonella infection. Salmonella can enter lamina propria from
intestinal lumen via SPI-1-mediated active entry that is accompanied by the
actin rearrangement of epithelial cell, via M cells or via dendritic cells. In
lamina propria Salmonella is phagocytosed by macrophages or enters them
actively and strives inside a Salmonella-containing vacuole (SCV).
Expression of SPI-2 mediates Salmonella replication, SCV maturation and,
eventually, macrophage burst. Salmonella can disseminate locally or
systemically. Neutrophil recruitment results in killing of Salmonella, as well

as tissue damage and loss of epithelial cell barrier function.
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1.16 Chromosomal gene positioning.

An elaborate spatiotemporal organisation of the nucleoid implies that there may
be meaningful conserved patterns in the way genes are arranged along a
chromosome. Indeed, the degree of conservation of the chromosomal gene
order is very high among gammaproteobacteria — the bacterial class to which
both E. coli and Salmonella belong (Sobetzko et al., 2012). While the degree of
conservation between the right and the left replicores is very low, in agreement
with the previous study (Alokam et al., 2002), the relative position on the oriC-
Ter axis is highly conserved. Moreover, the order of binding sites of various
global regulators, such as sigma factors of RNA polymerase, DNA gyrase and
major NAPs, displayed patterns that can be described as gradients along the
oriC-Ter axis (Sobetzko et al., 2012). All of it suggests that the oriC-Ter axis is

an important internal reference for bacteria.

The importance of the oriC-Ter coordinates comes from the nature of DNA
replication. In exponentially growing bacteria, there is a higher copy number of
genes located near oriC. This is because a new round of replication is initiated
before the previous round is completed (Schmid & Roth, 1987). This gives an
opportunity for the origin-proximal genes to be expressed at a higher level
during rapid growth. Therefore, multiple genes whose expression is required for
optimal operation during rapid growth are located near the origin. For example,
RpoD - a housekeeping RNA polymerase sigma factor, is exploited during
rapid growth and rpoD is located near the oriC. Similarly, rapid growth sets a
requirement for the high levels of translation, therefore, rrn operons that include
multiple genes encoding rRNA, that can comprise up to 80% of cellular RNA
during rapid growth, are located near the oriC (Gyorfy et al., 2015). A recent
genome-wide study of constitutive promoters of E. coli determined that those
promoters that are highly dependent on the growth rate are preferably localized
near oriC to exploit the benefits of a higher gene copy number (Yubero &
Poyatos, 2020). There is also a related rough correspondence between the
temporal expression of some proteins and their chromosomal position. For
example, FIS — a NAP that is required for regulation of expression of multiple
genes during the lag and early exponential phases of growth is encoded near

oriC, while Dps — a NAP that is involved in the protection of DNA against
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damage during the late stationary phase of growth is encoded near the
terminus. Due to the limited ability of molecules to diffuse in the viscous
cytoplasm, translation is coupled to transcription and protein products tend to
have their targets located in the relative vicinity (McGary & Nudler, 2013;
Schavemaker et al., 2018; Montero Llopis et al., 2010). For example,
housekeeping and stress-related sigma factors RpoD and RpoS are encoded in
the NS-Left closer to oriC and closer to the Ter, respectively. Their genetic
targets are accordingly associated with oriC and Ter-proximal regions on a
chromosome (Sobetzko et al., 2012; Cameron et al., 2017). The precise
orchestration of the macrodomain movement inside a cell during the cell cycle

ensures that proteins can reach their targets efficiently (Dame et al., 2011).

Another important parameter to consider is gene orientation. During
chromosomal replication one DNA strand is synthesised continuously (the
leading strand), while the other strand is synthesised discontinuously via
ligation of Okazaki fragments (the lagging strand). There is a large bias towards
overrepresentation of genes in the leading strand, thus, co-oriented with the
movement of replication fork. Since both transcription and replication operate
on the same DNA template, this is inevitable that RNA polymerase stands on a
way of a progressing replication fork (Liu & Alberts, 1995). The outcome of the
collision between the polymerases depends on the direction of RNA
polymerase. While co-oriented collisions do not lead to serious consequences,
head-on collisions may slow the progression of the replication fork (Mirkin &
Mirkin, 2005). Therefore, it is not surprising that genes in the lagging strand are
underrepresented. It is, however, surprising that there are still genes located on
the lagging strand, many of them are highly transcribed. In fact, essential genes
but not highly expressed ones are biased to the leading strand. The lack of
enrichment of highly expressed genes on a leading strand is likely to be due to
the fact that it is the collision between the replication fork and RNA polymerase
at the promoter of a gene per se that can slow down the replication fork.
Therefore, number of RNA polymerases actively transcribing a gene or an
extent to which a gene is expressed does not matter. The prevalence of the
essential genes in the leading strand is because such an arrangement

decreases the chance of formation of truncated peptides and gene expression
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stochastic noise that would lead to deleterious effects when involving genes
that encode proteins with essential functions (Rocha, 2008).

Genes on a chromosome can be located separately, as individual transcription
units, each with its own promoter and flanking regulatory sites. Alternatively,
they can be arranged in co-oriented group called an operon that shares a
common promoter and all regulatory sites. The advantages of the operonic
arrangement have been a subject for debates since lac operon was discovered
in E. coli (Jacob & Monod, 1961). Multiple theories of operon development in
prokaryotes have been formulated. Some of them have not been supported
with sufficient evidence (Lawrence, 2003). For example, the natal theory
suggests that operons arose by gene duplication and can explain the origin of
eukaryotic gene clusters, such as hox genes, but not that of prokaryotic
operons (Lawrence & Roth, 1996). The repair theory suggests that when
genes, whose protein products contribute to one function are located in cis,
mutations that accumulate can be repaired in one round of homologous
recombination due to physical proximity (Hartman et al., 1960). However, it
does not explain how the operon assembled in the first place. According to the
Fisher model, operons are products of frequent recombination that brings
together genes with similar functions; once clustered, the selective pressure is
high for the clusters to persist (Lawrence, 1997). However, bacterial
chromosomes are remarkably stable, not taking into account horizontal gene
transfer (HGT) and deletions. Very small amounts of genetic change have been
introduced into the genome of E. coli by SNPs as compared to HGT (that is a
main source of genetic change in bacteria) since it diverged from Salmonella
(Lawrence & Ochman, 1997). Chromosomal inversions are also very unlikely to
happen (unless the inversion is over the Ter region) since they are surprisingly

more deleterious than insertions of foreign DNA or deletions (Rocha, 2008).

The most popular theories of operon formation are the regulatory theory and
the selfish operon theory. However, these also have advantages and
disadvantages when considered independently. The regulatory theory
postulates that operons exist because of advantages of co-regulation (Osbourn
& Field, 2009). The arguments in its favour include the higher selection

imposed on genes within an operon, the advantage of encoding proteins that
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are involved in the same function near each other due to the transcription-
translation coupling in prokaryotes and the ease of controlling stoichiometries of
such proteins (Rocha, 2008). This explains well the selective pressures behind
the maintenance of the operons, but does not explain how they arose
(Lawrence, 1997). Another caveat is that the regulatory theory predicts that
operons should be composed of genes that encode proteins involved in the
same function or part of the same complex. In reality, many operons code for
unrelated proteins and optimal expression levels of genes in an operon could
be different (Price et al., 2006). The selfish operon model is conceptually
different in that it suggests that operons form due to selection acting not on
organisms but on genes (Lawrence & Roth, 1996). In order to increase their
fitness, operons are transferred between prokaryotes horizontally. HGT does
not only explain the origin of operons, but also that of other multi operon
clusters, such as SPIs. One of the predictions of this model is that operons are
likely to be composed of genes involved in functions that are useful for the
recipient but not essential, such as utilisation of additional carbon source, or
biosynthesis of a biomolecule that is novel for an organism, or virulence
(Lawrence, 1997). This is because essential genes cannot be lost or gained
easily via HGT. However, essential genes can frequently be found as part of
operons, and this cannot be explained by the selfish operons model. Therefore,
both models are likely to partially contribute to the creation and the

maintenance of operons in bacteria.

The ability of a gene to express in sufficient levels and at the right time is a
crucial consideration with regard to the gene positioning. Local superhelicity of
DNA is one of the factors that affects gene expression, and orientation of the
neighbouring genes is an important parameter that controls it (Sobetzko, 2016).
For example, for a gene whose promoter is activated by relaxation of DNA
supercoiling, a position between convergent genes would be optimal, since
positive supercoils accumulate in front of the RNA polymerase during
transcription (Chong et al., 2014). The chromosome is not uniformly supercoiled
(Lal et al., 2016). This is due to activity of DNA gyrase, the binding sites of
which are not distributed evenly throughout the chromosome, but associated
with the oriC, replication forks and highly transcribed regions (Sobetzko et al.,
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2012; Sutormin et al., 2019). The chromosomal gene positions, especially those
that are supercoiling-sensitive, are expected to be collinear with the distribution
of DNA gyrase. Since NAPs such as FIS, IHF, HU and others are able to
constrain local DNA supercoiling, gene positions also have to be considered in

the context of neighbouring binding sites of these NAPs.

In addition to the importance of the gene dosage effect on chromosomal gene
expression due to the oriC proximity (Soler-Bistué et al., 2017; Slager &
Veening, 2016), chromosomal location can also affect gene expression in ways
that are independent of gene dosage, exemplified by the silencing of promoters
inserted at the transcriptionally silent Extended Protein Occupancy Domains
(tsEPOD) that overlap with NAP-bound regions (Bryant et al., 2014). Binding of
a gene promoter by global regulators can also affect its expression
independently of the oriC proximity, for example, transcription silencing effect of
H-NS binding at the AT-rich regions of the genome (Brambilla & Sclavi, 2015).
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1.1.7 Synthetic biology

The exciting field of synthetic biology is at the interface of engineering and
molecular biology. It is still in its infancy and requires more knowledge than we
have already about gene regulatory networks and the organisation of DNA
material in single-celled organisms as it is based on manipulations with DNA
within living organisms. In order to construct artificial chromosomes or to modify
an existing one to yield an organism with enhanced useful properties, we
should be fully aware of the rules in place that shaped the structure of existing
chromosomes, so that an outcome of placing a certain gene in certain locus
would be fully predictable. Although an extensive knowledge exists on how
different parts of organisms operate, the understanding of the overall regulatory
principles and design is incomplete (Dorman, 2020). Studies of subjects
described in the earlier sections of this chapter help connecting the dots of the

overall picture.

There are several approaches that are used in synthetic biology. All of them, to
some extent, involve taking the existing biological modules, rearranging them,
and creating artificial genetic circuits, thereby constructing artificial genetic units
or entire organisms (Bashor et al., 2010). The modules in question are the
genes, operons and horizontal transfer elements. The resemblance of biological
modules to some existing electrical systems inspired creation of biological
oscillators that mimic circadian rhythms (Tigges et al., 2009), cell-base
amplified biosensors (Hicks et al., 2020), or short artificial gene networks with
predicted behaviour (Ellis et al., 2009). However, attempts to create more
complex system often fail due to insufficient knowledge about hidden regulatory
sites or introduction of unfavourable DNA secondary structures upon artificial

alignment of the modules (Bartley et al., 2017).

Another approach is the construction of a fully synthetic organism. Viral
genomes have been constructed first, such as the small RNA genome of
poliovirus. Chemical synthesis of viral cDNA led to effective de novo synthesis
of infectious poliovirus (Cello et al., 2002). In just a few years, synthesis of the
prokaryotic genome had become possible. The strategy used was synthesising

a genome of one organism and transferring it to the other organism. Bacteria of
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genus Mycoplasma have been useful for this application due to their small
genome (Mycoplasma genitalium has the smallest genome of all culturable
bacteria) and defined number of essential genes (Glass et al., 2006). The
chromosome of M. genitalium was used as a frame to synthesise the first
synthetic prokaryote by the complete transfer of the artificial genome to yeast
Saccharomyces cerevisiae (Gibson et al., 2008). Interestingly, when a minimal
genome of another Mycoplasma — M. mycoides was synthesised, it was found
that out of the 473 essential genes, 149 had no known biological function. This
highlights that even when constructing a minimalistic synthetic organism under
the tightly controlled laboratory conditions, the functionality of almost a third of
the genomic content remains obscure (Hutchison et al., 2016). It is likely that
the first synthetic eukaryote will be Saccharomyces cerevisiae. The Synthetic
Yeast Genome project is now underway and aims to construct all 16
chromosomes of S. cerevisiae (Pretorius & Boeke, 2018). It will answer
fundamental questions related to genome organisation and properties of
chromosomes. The eventual synthetic yeast might play an important practical
role in wide range of industrial fermentations and could be precisely tailored for

specific applications.

Synthetic biology has endless applications and employs different biological
systems. The natural properties of bacteriophage; such as the ability to
package the genetic information that can be tailored, simplicity of genome,
host-specificity and high diversity; make phages a highly useful tool for
synthetic biology applications (Lemire et al., 2018). Advances in DNA
assembly, genetic circuit wiring and CRISPR/Cas enable engineering of entire
microbial communities for selected biotechnology applications (McCarty &
Ledesma-Amaro, 2019). With number of articles found on the PubMed and
dedicated to synthetic biology rising steeply over the past decade, this field is

guaranteed to yield many more major advancements in the nearest future.
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1.1.8 Aims of this work.

Having introduced the phenomenon of gene position conservation in bacteria,
the importance of nucleoid structure, DNA supercoiling and associated gene
regulation, | would like to highlight the major aims of this work, prior to

introducing them in detail in the following chapters.

There are two major studies in the focus of this thesis seeking to alter
chromosomal positions of the genes that encode important global regulators:
IHF and DNA gyrase. These have been inspired by other recent studies that
altered the chromosomal positions of the promoters, ORFs and the entire
genes that encoded various bacterial global regulators (Brambilla & Sclavi,
2015; Gerganova et al., 2015; Fitzgerald et al., 2015; Bogue et al., 2020). None
of these studies found essentiality of existing gene positions, however, the
repositionings affected multiple properties of bacteria due to the central
regulatory roles of the proteins that those genes encoded. Other previous
studies that looked at the regulon and global binding of IHF and DNA gyrase
were useful sources of information when interpreting the results of the current
work (Mangan et al., 2006; Prieto et al., 2012; Sobetzko et al., 2012; Sutormin
et al., 2019). The IHF and the DNA gyrase studies were developed side-by-side
and, therefore, share methodology. For example, strain construction employed
the same method and some phenotypic tests were identical, however, there
were other experiments that tested alterations associated with a change in
phenotypes characteristic of IHF or DNA gyrase and, therefore, unique to each
of the two studies. Testing the significance of the chromosomal gene positions
of the genes that encode IHF and DNA gyrase might suggest the optimal
positions for these genes on a chromosome of a synthetic bacterium and

determine the drawbacks of the alternative configurations.
To summarise, the aims of the studies described in this thesis are:

e To construct Salmonella strains with the reciprocal ORF exchanges of
the naturally separate genes ihfA and ihfB that encode the NAP IHF, as
well as strains with artificial infAB and ihfBA operons.

e To construct Salmonella strains with the artificial DNA gyrase operons

gyrAB or gyrBA.
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To study the phenotypic effects of the chromosomal repositionings by
examining phenotypes associated with IHF and DNA gyrase.

To study the patterns of expression of the repositioned genes at both
MRNA and protein levels.

To study the effect of the gene repositionings on global gene expression
at the level of transcription and/or protein production.

To gain more insight into the biology of IHF and DNA gyrase and the
reasons behind the separate positioning of the genes that encode each

of these proteins.
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Chapter 2:

Materials and Methods
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2.1 Chemicals and growth media
2.1.1 Chemicals

All chemicals were obtained from Sigma-Aldrich (Arklow, Ireland) unless
otherwise stated. Where required media and chemicals were sterilized by
autoclaving (121°C for 20 minutes). If not suitable for autoclaving, chemical
solutions were filter-sterilized using 0.22 uym pore-sized filter (Merck, Millipore).
Water used throughout was sterile distilled water. Nuclease-free water was
used for DNA work, DEPC-treated water (Fisher, Geel, Belgium) was used for
RNA work.

2.1.2 Antibiotics

Antibiotics were typically prepared in 1000x stock concentrations and used at
the following fixed working concentrations: carbenicillin (ampicillin) — 100 pg/mi
in water, kanamycin — 50 pg/ml in water, chloramphenicol — 35 pg/ml in ethanol,
rifampicin — 500 pg/ml in methanol. Antibiotics that were used at variable
working concentrations were prepared at the following stock concentrations:
novobiocin — 25 mg/ml in water, ciprofloxacin — 10 mg/ml in 0.1N HCI, nalidixic
acid — 50 mg/ml in water, coumermycin (Santa Cruz Biotechnology, Dallas,
USA) — 5 mg/ml in DMSO. All antibiotic solutions were filter-sterilized using 0.22
pum filter and stored in aliquots at -20°C, except coumermycin that was kept at
4°C.

2.1.3 Growth media

Bacterial strains were routinely grown in sterile lysogeny broth (LB) Miller
formulation: (1% tryptone, 0.5% yeast extract (both supplied by BD, Le Pont de
Claix, France), 1% NaCl (Acros Organics, Geel, Belgium) supplemented with
antibiotics where required. 1.5% agar (BD, Le Pont de Claix, France) was used
for pouring plates and 0.3% agar was used for motility measurements. Green
agar was made from 1.5% agar base with the addition of 0.0625% (w/v) alizarin

yellow, 0.006% aniline blue and 0.84% glucose.
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N-minimal medium was used in experiments where the effect of magnesium ion
concentrations was assessed. Buffer N was made first (Nelson & Kennedy,
1971): 5 mM KCI, 7.5 mM (NH4)2SO4 (BDH, Poole, England), 0.5 mM K2SOg4, 1
mM KH2PO4 (Fisher, Geel, Belgium), and 0.1 M pH 7.4 Tris-HCI (Acros
Organics, Geel, Belgium). To make full N-minimal medium, buffer N was
supplemented with 0.2% glucose (BDH, Leuven, Belgium), 1 ug/ml thiamine,
0.5 mM L-histidine and 10 mM or 10 uM MgClz (Acros Organics, Geel, Belgium)

to obtain high or low Mg?* concentration respectively.

2.2 Bacterial and eukaryotic strains and culture conditions
2.2.1 Bacterial strains

All Salmonella strains were made in Salmonella enterica serovar Typhimurium
SL1344 background and this strain was used as a wild type (WT). Plasmids
were sourced from a carrier Escherichia coli DH5a strain. All bacterial strains
used are listed in Table 2.1. The major strains are drawn schematically (Fig.
2.1).

2.2.2 Bacterial culture condition

Bacterial strains were stored as 35% glycerol stocks at -80°C and freshly
streaked on agar plates for each biological replicate. A single colony was
inoculated into 4 ml LB broth and grown for 18 h. This overnight culture was
subcultured into fresh 25 ml LB broth normalizing to an ODeoo of 0.003, unless
otherwise stated, and grown to the required growth phase. The standard growth

conditions for all bacterial strains were 37°C, 200 rpm, unless otherwise stated.

For culturing in minimal medium, overnight cultures were prepared as described
above. 1 ml of overnight culture was washed three times with N-minimal
medium of the required Mg?* concentration to remove nutrients, subcultured
into minimal medium of the corresponding Mg?* concentration in a total volume
of 25 ml and grown for 24 h to pre-condition the bacteria. The pre-conditioned

culture was subcultured into 25 ml of fresh minimal medium normalized to an
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Table 2.1 Bacterial strains used in this study.

Strain name Genotype/Description Reference
SL1344 (WT) rpsL hisG (Hoiseth &
Stocker,
1981)

ihfA::cat Chloramphenicol resistance cassette This study
inserted downstream of the ihnfA ORF

ihfB::kan Kanamycin resistance cassette This study
inserted downstream of the ihfB ORF

2xihfA 2 ihfA copies, ihfB ORF replaced with This study
the ihfA ORF that has the kanamycin
resistance cassette inserted
downstream — AihfB.

2xihfB 2 ihfB copies, ihfA ORF replaced with This study
the ihfB ORF that has the
chloramphenicol resistance cassette
inserted downstream — AihfA

OrfSwapihfA-ihfB IhfA and ihfB ORFs reciprocally This study
exchanged

AihfA IhfA::kan/ ihnfA ORF deleted, except the This study
start codon and the last 21 bp, by
inserting the kanamycin resistance
cassette

AihfB IhfB::kan/ ihfB ORF deleted, except the This study
start codon and the last 21 bp, by
inserting the kanamycin resistance
cassette

ihnfAB IhfAB operon under the control of the This study
ihfA promoter

ihfBA InfBA operon under the control of the This study
ihfB promoter

gyrA::kan Kanamycin resistance cassette This study

inserted downstream of the gyrA ORF
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gyrB::kan

gyrBA

gyrBA*

gyrAB_gyrB

SL1344_ihfA::3x-FLAG

SL1344_ihfA::8x-myc

SL1344 ihfB::3x-FLAG

SL1344 ihfB::8x-myc

O rfSWaplth'lth

_ihfA::3x-FLAG

OrfSWaplth'lth

_ihfA::8x-myc

OrfSWaplth'lth

_ihfB::3x-FLAG

Kanamycin resistance cassette
inserted downstream of the gyrB ORF
GyrBA operon under the control of the
gyrB promoter

GyrBA operon under the control of the
gyrB promoter but with SNPs

GyrAB operon under the control of the
gyrA promoter, two copies of gyrB
Insertion of 3 copies of the FLAG
epitope tag downstream of ihfA,
deleting its stop codon, in the SL1344
background

Insertion of 8 copies of the Myc epitope
tag downstream of ihfA, deleting its
stop codon, in the SL1344 background
Insertion of 3 copies of the FLAG
epitope tag downstream of ihfB,
deleting its stop codon, in the SL1344
background

Insertion of 8 copies of the Myc epitope
tag downstream of ihfB, deleting its
stop codon, in the SL1344 background
Insertion of 3 copies of the FLAG
epitope tag downstream of ihfA,
deleting its stop codon, in the
OrfSwapihA-hB hackground

Insertion of 8 copies of the Myc epitope
tag downstream of ihfA, deleting its
stop codon, in the OrfSwaphfA-hfB
background

Insertion of 3 copies of the FLAG

epitope tag downstream of ihfB,
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OrfSWaplth'lth

_ihfB::8x-myc

SL1344 ihfA::3x-FLAG
ihfB::8x-myc

SL1344_ihfA::8x-myc
ihfB::3x-FLAG

OrfSWaplth-lth
_ihfA::8x-myc_ihfB::3x-
FLAG

OrfSWapith-ith
_ihfA::3x-
FLAG_ihfB::8x-myc

deleting its stop codon, in the
OrfSwaphA-hB hackground

Insertion of 8 copies of the Myc epitope
tag downstream of ihfB, deleting its
stop codon, in the OrfSwaphtA-ihf8
background

Insertion of 3 copies of the FLAG
epitope tag downstream of ihfA,
deleting its stop codon, and with
insertion of 8 copies of the Myc epitope
tag downstream of ihfB, deleting its
stop codon, in the SL1344 background
Insertion of 8 copies of the Myc epitope
tag downstream of ihfA, deleting its
stop codon, and with insertion of 3
copies of the FLAG epitope tag
downstream of ihfB, deleting its stop
codon, in the SL1344 background
Insertion of 8 copies of the Myc epitope
tag downstream of ihfA, deleting its
stop codon, and with insertion of 3
copies of the FLAG epitope tag
downstream of ihfB, deleting its stop
codon, in the OrfSwaphfA-hfB
background

Insertion of 3 copies of the FLAG
epitope tag downstream of ihfA,
deleting its stop codon, and with
insertion of 8 copies of the Myc epitope
tag downstream of ihfB, deleting its
stop codon, in the OrfSwaphfA-hfB

background
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SL1344 PprgH::GFP

OrfSWaplth-lth

_PprgH::GFP

AihfA_PprgH::GFP

AihfB_PprgH::GFP

gyrBA_PprgH::GFP

SL1344 PssaG::GFP

O rfSWaplth-lth

_PssaG::.GFP

AihfB_PssaG::GFP

AihfA_PssaG::GFP

PprgH-gfp[LVA]/R::cat/ fusion of a gfp
gene encoding a destabilised version of
GFP to the SPI-1 promoter, PprgH
Fusion of a gfp derivative encoding a
destabilised version of GFP to the SPI-
1 promoter, PprgH in the OrfSwapihfA-
I8 hackground

Fusion of a gfp derivative encoding a
destabilised version of GFP to the SPI-
1 promoter, PprgH in the 2xihfA
background

Fusion of a gfp derivative encoding a
destabilised version of GFP to the SPI-
1 promoter, PprgH in the 2xihfB
background

Fusion of a gfp derivative encoding a
destabilised version of GFP to the SPI-
1 promoter, PprgH in the gyrBA
background

PprgH-gfp[LVA]/R::cat/ fusion of a gfp
derivative encoding a destabilised
version of GFP to the SPI-2 promoter,
PssaG

Fusion of a gfp derivative encoding a
destabilised version of GFP to the SPI-
2 promoter, PssaG in the OrfSwapih-
ih8 hackground

Fusion of a gfp derivative encoding a
destabilised version of GFP to the SPI-
2 promoter, PssaG in the AihfB
background

Fusion of a gfp derivative encoding a
destabilised version of GFP to the SPI-
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gyrBA_PssaG::GFP

SL1344 SL1483::cat

OrfSWaplth-lth

_SL1483::cat

infAB_SL1483::cat

ihfBA_SL1483::cat

gyrBA_SL1483::cat

gyrBA*_SL1483::cat

2 promoter, PssaG in the AihfA
background

Fusion of a gfp derivative encoding a
destabilised version of GFP to the SPI-
2 promoter, PssaG in the gyrBA
background

Insertion of a chloramphenicol
resistance cassette into the
pseudogene SL1483

Insertion of a chloramphenicol
resistance cassette into the
pseudogene SL1483 in the OrfSwaphA-
ihf8 hackground

Insertion of a chloramphenicol
resistance cassette into the
pseudogene SL1483 in the ihfAB
background

Insertion of a chloramphenicol
resistance cassette into the
pseudogene SL1483 in the ihfBA
background

Insertion of a chloramphenicol
resistance cassette into the
pseudogene SL1483 in the gyrBA
background

Insertion of a chloramphenicol
resistance cassette into the
pseudogene SL1483 in the gyrBA*
background

This study

This study

This study

This study

This study

This study
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Figure 2.1 Major strains used in this work. a) The WT SL1344 and the
strains with the repositionings of ihfA and ihfB. b) The WT SL1344 and the

gyrBA strains. Positions of oriC, dif and macrodomains are shown. Promoter,

ORF and terminator of the genes of interest are shown and colour-coded.

Schematic drawings are not to scale.

49



ODsoo of 0.03 and grown for a further 24 h to obtain a culture in the stationary

phase of growth.

2.2.3 Mammalian cell lines

Murine macrophage RAW264.7 cells was obtained from Frederick J. Sheedy,
School of Biochemistry & Immunology, Trinity College Dublin.

224 Mammalian cell culture conditions

RAW264.7 murine macrophages were maintained in Dulbecco’s Modified
Eagle’s Medium (DMEM), (Sigma, catalogue number D6429) supplemented
with 10% fetal bovine serum (FBS) in a humidified 37°C, 5% CO: tissue-culture
incubator grown in 75 cm? tissue-culture flasks. When approximately 80%
confluent growth was achieved, cells were split to a fresh flask. Cells within the
9-16 passage number range were used for infections. All media and PBS used

for cell culture were pre-warmed to 37°C.

To split cells, old DMEM was removed and the monolayer was rinsed with 10
ml of sterile PBS. 10 ml of fresh DMEM was pipetted into the flask and the
monolayer was scraped gently with a cell scraper to dislodge the cells. Scraped
cells were centrifuged at 450 x g for 5 min on Eppendorf 5810R centrifuge, the
cell pellet was resuspended in 5 ml DMEM+FBS. 1 ml of the cell suspension
was added to 14 ml of fresh DMEM+FBS in a 75 cm? flask, gently rocked to mix
and incubated at 37°C, 5% COa.

To seed cells for infection, cells were treated as for splitting. After resuspension
in 5 ml DMEM+FBS, viable cells were counted on a haemocytometer using
trypan blue exclusion dye. A 24-well tissue culture plate was filled with 500 pl
DMEM+FBS. 1.5x10° cells were added to each well, gently rocked to mix and
incubated at 37°C, 5% COz2 for 24 h.

2.3 Oligonucleotides, plasmids and bacteriophages
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231 Oligonucleotides

All oligonucleotides (primers) used in this study were designed by the author
and ordered from Integrated DNA Technologies (Leuven, Belgium). Primers
were delivered in lyophilised form and resuspended in nuclease-free water to a
final concentration of 100 pmol/ul and stored at -20°C. The sequences of all

primers used are listed in Table 2.2.

2.3.2 Plasmids

All plasmids used in this study are listed in Table 2.3. The plasmids were

selected for by using antibiotics as appropriate.

2.3.3 Bacteriophage

Bacteriophage P22 HT 105/1 int-201 was used for generalized transductions
throughout the study (Schmieger, 1972). Lysates prepared were filter-sterilized
and stored at 4°C in the dark.

2.4 Monitoring bacterial growth
2.4.1 Monitoring bacterial growth in rich media by spectrophotometry

To measure growth characteristics of a bacterial culture, an overnight culture
was normalized to the optical density at 600 nm (ODeoo) of 0.003 in 25 ml of
fresh LB broth and grown at the standard conditions for 24 h. ODesoo was
measured every 1 h for the first 3 hours and then every 30 min until 8 hours, the
last reading was taken at 24 h. Measurements were taken using the Thermo
Scientific BioMate 3S spectrophotometer in plastic cuvettes using fresh LB

broth for 1:10 dilutions of culture when its ODesoo exceeded 1.0.

51



Table 2.2 Oligonucleotide primers used in this study

Name

5'-3' sequence

Confirmation Primers:

SL_ihfA_check_Pfwd
SL_ihfA_check_Prev
SL_ihfB_check_Pfrw
SL_ihfB_check_Prev
gyrA_check_Pf2
gyrA_check Prev2
gyrB_check_ Pf2
gyrB_check_Prev2
gyrA check del R
gyrB check del R
gyrA_midcheck
gyrB_midcheck

gPCR primers:
SL_ihfA_qPCR_Pf
SL_ihfA_gPCR_Pr
SL_2ihfB_gPCR_Pf
SL_2ihfB_gqPCR_Prev
SL_btuC_qPCR_Pf
SL_btuC_gqPCR_Pr
SL_ycal_qPCR_Pf
SL_ycal_qPCR_Pr
RT _gyrB_F
SL_gyrB_R
SL_gyrA_gPCR_Pf
SL_gyrA gPCR_Prev
RT_hemX_ F
RT_hemX_R
SL_ihfB_gPCR_Pf
SL_ihfB_qPCR_Pr

CAACCGTACACTCGAAGAAGAG
GAACGTTTCGTCGCTGTTG
GCAATGGCTGAAGCATTCAAAG
GACCGTCGTTATCTTCATAGACAC
GACTAAGGTAGCGGTAAATG
GTAGATGACGAAGAACTCG
CAACGAATCCATTCCGATG
CTGATGAGCAGACTGTAAC
GCATTGTCTGGCTGCATTC
CTTTGTCAGCGCAATTAGC
CGATGGTGTCATACACTG
GAACGGTCATGATCACTTC

GATAAGCTTGGGCTTAGCA
GAGAGTTTCACCTGCTCAC
CAATCTCACATTCCCGCTAAG
GCGGATTTCAATACGCTCG
GGCTACACTTCTGAGCTTATG
GGTTCAGCAAGTGGGTTT
GTCAGCGTATGCGTAGTATG
CAAAGCAAACATGCCAGAC
CTCGTTCAGCTCGGTAATCAG
ATGATTGGTCGTATGGAGCG
CAGCGGTACCGTGAAGAAA
AGCATGACTTCGTCAGAACC
CGCCTGACGGTATGTTTCTT
CCCAACCAGGACGTCTATTTAC
CATATGGCCTCGACTCTTG
TCCTTCCAGTTCCACTTTATC
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Fis_gPCR_Pf
Fis_gPCR_Prev
OmpR_gPCR_Pf
OmpR_gPCR_Prev
FNR_gPCR_Pf
FNR_gPCR_Prev

TGACGTACTGACCGTTTCTACCGT
ACGTCCTGACCATTCAGTTGAGCA
CTCTCGCGATAAGCTGATGAA
CCGGATCTTCTTCCACCATAC
GTCTGGCCGCGTTTATTTAC
GACCGTTAAGCCCAGATAGTT

ihfA ORF insertion into infB locus

infA.cmR.Pfwd

infA.cmR.Prev

infB.int.Pfwd

infB.int.Prev

GAGCCGGGTCGAAAACGCTTCGCCCAAAGAAG
AGTAATCAGTGTAGGCTGGAGCTGCTTC

GCGTATCTGCCGCAATACACCCTGATGGATGTTATG

CCTGCATATGAATATCCTCCTTAG

ACGGCTGCAGCCAATTTGCCTTTAAGGAACCGGAGGA

ATCATGGCGCTTACAAAAGCTG
CGGTGCTTTTTTCGGGTTCAAGTTTTGCGTTAAAA
CCCTGCATATGAATATCCTCCTTAG

ihfB ORF insertion into ihfA locus

ihfB.kanR.Pfwd

ihfB.kanR.Prev

ihfA.int.Pfwd

ihfA.int.Prev

AGAACTGCGCGATCGCGCCAATATTTACGGTTA
AGTTTTAGTGTAGGCTGGAGCTGCTTC
CAAAACTTGAACCCGAAAAAAGCACCGTCAGGG
TGCTTTTCATATGAATATCCTCCTTAG
AAAAGAGCGATTCCAGGCATCATTGAGGGATTG
AACCTATGACCAAGTCAGAATTGATTG
GCAATACACCCTGATGGATGTTATGCCTGGATC
TGACATATGAATATCCTCCTTAGTTCC

ihfB::kan insertion downstream of ihfA

ihfA.int.infB::kan_Pf

ihfA.int.ihfB::kan_Prev

GAGCCGGGTCGAAAACGCTTCGCCCAAAGAAG
AGTAATCATTGCCTTTAAGGAACCGGAG
CGTATCTGCCGCAATACACCCTGATGGATGTTA
TGCCTGGCATATGAATATCCTCCTTAG

ihfA::Cm insertion downstream of ihfB
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ihfB.int.ihfA::Cm_Pf

ihfB.int.ihfA::Cm_Prev

TAAAGAACTGCGCGATCGCGCCAATATTTACGG
TTAAGTTCAGGCATCATTGAGGGATTG
AGCACCCTGACGGTGCTTTTTTCGGGTTCAAGT
TTTGCGTCCTGCATATGAATATCCTCC

Deletion mutations — kan' insertions

Kan_ihfA_Pf

Kan_ihfA_Prev

Kan_ihfB_Pf

Kan_ihfB_Prev

Kan_gyrA Pf

Kan_gyrA_Prev

Kan_gyrB_Pf

Kan_gyrB_Prev

AAAGAGCGATTCCAGGCATCATTGAGGGATTGA
ACCTATGGTGTAGGCTGGAGCTGCTTC
ATGTTATGCCTGGATCTGATTACTCTTCTTTGGG
CGAAGCCATATGAATATCCTCCTTAG
GCTGCAGCCAATTTGCCTTTAAGGAACCGGAGG
AATCATGGTGTAGGCTGGAGCTGCTTC
TCAAGTTTTGCGTTAAAACTTAACCGTAAATATT
GGCGCGCATATGAATATCCTCCTTAG
CCCTCGCACAGCAATAACATTACTCGTCAGCGT
CATCCGCCATATGAATATCCTCCTTAG
CTTTGAATCCGGGATACAGTAGAGGGATAGCGG
TTAGATGGTGTAGGCTGGAGCTGCTTC
GGCCGGGGATTAAGGCAGGTTAAATATCGATAT
TCGCTGCCATATGAATATCCTCCTTAG
ACGGATTAACCCAAGATTAAATGAGCGAGAAAC
GTTGATGGTGTAGGCTGGAGCTGCTTC

gyrB::kan insertion downstream of gyrA

Kan ins gyrB F

Kan ins gyrB R

gyrA.int.gyrB::Kan_Pf

gyrA.int.gyrB::Kan_Prev

TCATGATGCCCCGGCCAACCAGCGGTAGGCCG
GGGATTAAGTGCCACCTGCATCGAT
GGAGAACGCCCTGAAAGCAGCGAATATCGATAT
TTAACCTCATATGAATATCCTCCTT
GGCAAAGAAAAAGGGCCGGATATCCGGCCCTC
GCACAGCAGTGTAGGCTGGAGCTGCTTC
AAGCGATGACGACGTTGCGGATGACGCTGACG
AGTAATGTTAAATGAGCGAGAAACGT
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gyrA::kan insertion downstream of gyrB

Kan ins gyrA F

Kan ins gyrA R

gyrB.int.gyrA::kan_Pf

gyrB.int.gyrA::kan_Prev

Epitope tagging
SL_ihfA_Pf-flag

SL_ihfA_Prev-flag

SL_ihfB_Pf-flag

SL_ihfB_Prev-flag

SL_ihfA_Pf-myc

SL_ihfA_Prev-myc

SL_ihfB_Pf-myc

SL_ihfB_Prev-myc

SL_ihfA_Pf-HA

SL_ihfA_Prev-HA

SL_ihfB_Pf-HA

GGCAAAGAAAAAGGGCCGGATATCCGGCCCTC
GCACAGCAGTGCCACCTGCATCGAT
AAGCGATGACGACGTTGCGGATGACGCTGACG
AGTAATGTCATATGAATATCCTCCTT
TCATGATGCCCCGGCCAACCAGCGGTAGGCCG
GGGATTAAGTGTAGGCTGGAGCTGCTTC
GGAGAACGCCCTGAAAGCAGCGAATATCGATAT
TTAACCTAGTAGAGGGATAGCGGTT

GTTAAAGAGCCGGGTCGAAAACGCTTCGCCCAA
AGAAGAGGACTACAAAGACCATGACGG
TGCCGCAATACACCCTGATGGATGTTATGCCTG
GATCTGACATATGAATATCCTCCTTAG
ACCGGGTAAAGAACTGCGCGATCGCGCCAATAT
TTACGGTGACTACAAAGACCATGACGG
CTGACGGTGCTTTTTTCGGGTTCAAGTTTTGCGT
TAAAACCATATGAATATCCTCCTTAG
TTAAAGAGCCGGGTCGAAAACGCTTCGCCCAAA
GAAGAGGTCGGATCCAGTCTTCGTGAT
GCCGCAATACACCCTGATGGATGTTATGCCTGG
ATCTGAAATTCCGGGGATCCGTCGACC
CCGGGTAAAGAACTGCGCGATCGCGCCAATATT
TACGGTGTCGGATCCAGTCTTCGTGAT
TGACGGTGCTTTTTTCGGGTTCAAGTTTTGCGTT
AAAACAATTCCGGGGATCCGTCGACC
TTAAAGAGCCGGGTCGAAAACGCTTCGCCCAAA
GAAGAGTATGATGTTCCTGATTATGCT
GCCGCAATACACCCTGATGGATGTTATGCCTGG
ATCTGACATATGAATATCCTCCTTAGT
CCGGGTAAAGAACTGCGCGATCGCGCCAATATT
TACGGTTATGATGTTCCTGATTATGCT
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SL_ihfB_Prev-HA TGACGGTGCTTTTTTCGGGTTCAAGTTTTGCGTT
AAAACCATATGAATATCCTCCTTAGT

For strain construction primers — the black portion is an annealing end, the red

portion is an overhanging end. All primers were designed in this study.
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Table 2.3 Plasmids used in this study

Plasmid name

Description

Reference

pKD3

pKD4

pKD46

pCP20

puUC18

pSUB11

pBOP508

AmpR (CarbR), CmR

AmpR (CarbR), KanR

AmpR (CarbR), A Red genes vy, B,
exo under the control of an
arabinose inducible promoter
AmpR (CarbR), CmR, FLP
recombinase expressing,
temperature sensitive replicon
AmpR (CarbR),

AmpR (CarbR), KanR

KanR

(Datsenko &
Wanner, 2000)
(Datsenko &
Wanner, 2000)
(Datsenko &
Wanner, 2000)

(Cherepanov &
Wackernagel,
1995)
(Yanisch-
Perron et al.,
1985)

(Uzzau et al.,
2001)

(Cho et al.,
2006)

Abbreviations: AmpR (CarbR), ampicillin (carbenicillin) resistance; CmR,

chloramphenicol resistance; KanR, kanamycin resistance.
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2.4.2 Monitoring bacterial growth in minimal medium by

spectrophotometry

To measure growth characteristics of a bacterial culture in minimal medium with
altered Mg?* concentration, an overnight bacterial culture was washed in

minimal medium with corresponding concentration of Mg?* and pre-conditioned
for 24 h, as in 2.2.2. The pre-conditioned culture was normalized to an ODeoo Of
0.03 in 25 ml of fresh medium in two flasks and ODesoo Was measured every 1 h
beginning from 2 h until 8 h. Separate cultures were set up similarly to measure
ODeoo every hour from 8 h until 15 h. In this way the number of times each flask

was opened and sampled was minimized to yield reliable measurements.

2.4.3 Monitoring bacterial growth in rich medium by plate viability

counting

Growth characteristics of a bacterial culture in LB broth were also measured by
viable count. The culture was grown in the same way as in 2.16.1, and an
aliquot of culture was taken at 2 h, 4 h, 6 h, 8 h and 24 h, serially diluted and
spread-plated on LB agar plates to give between 30 and 300 colonies after
overnight incubation at 37°C. The colony counts were converted into bacterial

colony forming units per millilitre (cfu/ml).

2.5 Nucleic acid preparation
251 DNA isolation for routine uses

Bacterial chromosomal DNA, for uses such as a template for polymerase chain
reaction (PCR) and providing a standard curve in the quantitative polymerase
chain reaction (QPCR), was extracted from overnight cultures using the
chloroform method. 400 ul of the overnight culture was harvested by
centrifuging in a table-top Eppendorf 5415R centrifuge at 16000 x g for 1 min.
The cell pellet was resuspended in 200 pl of sterile distilled water and boiled on
a heating block at 100°C for 5 min. The cell suspension was vortexed briefly to

ensure cell wall disruption and centrifuged at 16000 x g for 5 min to remove
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cellular debris. The supernatant was carefully transferred into a clean
Eppendorf tube, 1 volume of chloroform (Fisher, Loughborough, UK) was
added and vortexed for 30 sec to ensure complete mixing. The mixture was
then centrifuged at 16000 x g for 10 min at 4°C. About 75% of the upper
agueous DNA-containing layer was transferred into a clean tube. The DNA
concentration was measured as described in 2.5.5, diluted to 100 ng/pl and
stored at -20°C.

25.2 Plasmid DNA isolation

Plasmid DNA was isolated with the aid the of QIAprep Spin miniprep kit
(QIAGEN, Hilden, Germany) according to manufacturer’s guidelines. For
routine uses, plasmid DNA was extracted from a 4 ml overnight culture. Briefly,
the kit used alkaline lysis to disrupt the cells and denature the DNA (both
chromosomal and plasmid). The RNase component in the resuspension buffer
removed any RNA. Lysis was followed by a brief neutralization step that
allowed small circular plasmid DNA to reform, but this step was not long
enough to renature large chromosomal DNA. Cellular debris was pelleted by
centrifugation and the cleared lysate was applied to a silica membrane column
by centrifugation during which dsDNA plasmid molecules bound to the
membrane and denatured chromosomal DNA was washed away. Plasmid DNA
was desalted through a series of washes, eluted with nuclease-free water and

its concentration was determined as in 2.5.5.

253 DNA isolation for whole genome sequencing

To obtain high-quality chromosomal DNA for whole genome sequencing, a
basic phenol-chloroform method was used (Sambrook & Russell, 2006). 2ml of
an overnight culture were centrifuged at 16000 x g for 1 min to harvest cells and
the cell pellet was resuspended in 400 ul of TE buffer pH 8 (100 mM Tris-HCI
pH 8.0, 10 mM EDTA pH 8.0 (BDH, Poole, England)). 1% SDS and 2 mg/mi
proteinase K were added and incubated for 2 h at 37°C to complete lysis. DNA

was isolated by the addition of 1 volume of phenol pH 8.0 : chloroform : isoamyl
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alcohol (25 : 24 : 1) (AppliChem, Darmstadt, Germany), thorough mixing and
centrifugation at 16000 x g for 15 min at 4°C in phase-lock tube. The upper
aqueous layer containing DNA was collected and the phenol: chloroform
extraction was repeated two more times. To remove contaminants and to
precipitate DNA, sodium acetate pH 5.2 at 0.3 M and isopropanol at 60% of the
final volume were added and kept for 1 h at -20°C. DNA was pelleted by
centrifugation at 16000 x g for 15 min at 4°C. The DNA pellet was washed with
70% ethanol, dried at 37°C until translucent and resuspended in 100 ul TE pH
8.0. The sample was electrophoresed on agarose gel to check for degradation
as in 2.6.5 and DNA concentration was determined as in 2.5.5.

To remove RNA contamination from DNA samples, 100 mg/ml RNase A was
added and incubated for 30 min at 37°C. Phenol-chloroform extraction was
performed as above. To precipitate DNA, 0.5 M of ammonium acetate (Merck,
Darmstadt, Germany) and a half volume of isopropanol were added and
incubated for 2 h at -20°C. DNA was pelleted by centrifugation at 16000 x g for
15 min at 4°C. The DNA pellet was washed twice with 70% ethanol, dried at
37°C until translucent and resuspended in 50 ul water. The sample was run on
an agarose gel to check for degradation as in 2.6.5 and the DNA concentration

was determined as in 2.5.5.

2.5.4 RNA isolation for quantitative PCR

RNA for measuring gene expression by gPCR was isolated using an acidic
phenol-chloroform method. An overnight culture was subcultured into 25 ml of
fresh LB broth normalising to an ODsoo of 0.003. The bacterial culture was
grown to the required timepoint and mixed with 40% volume of 5% acidic
phenol (pH 4.3) in ethanol and placed on ice for at least 30 min to stop
transcription. The cells were harvested by centrifugation at 3220 x g for 10 min
at 4°C and resuspended in 700 pl of TE buffer pH 8 containing 0.5 mg/ml
lysozyme. 1% SDS and 0.1 mg/ml proteinase K were added and incubated for
20 min at 40°C to complete lysis. 1/10 volume of 3 M sodium acetate was
added to precipitate RNA, 1 volume of 1:1 solution of acidic phenol and

chloroform was added, mixed well on a vortex mixer and centrifuged at 16000 x
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g for 15 min at 4°C to extract RNA into aqueous phase. To precipitate RNA the
aqueous layer was harvested, mixed with 1 volume of isopropanol and
incubated at -20°C for 1 hour. RNA was harvested by centrifugation at 16000 x
g for 15 min at 4°C. The RNA pellet was washed with 70% ethanol and dried at
37°C until translucent. The total RNA was dissolved in 50 yul DEPC-treated

water and its concentration was determined as in 2.5.5.

255 Nucleic acid concentration determination

Concentration of DNA and RNA extracted was determined by measuring
absorbance at 260 nm on a DeNovix DS-11 spectrophotometer (Wilmington,
US). Shape of the absorbance curve was ensured to have a clear peak at 260
nm. Purity of samples was assessed by the ratio of Aze0/A2s0— a measure of
protein and phenol contamination and Azeo/A230— a measure of contaminants
such as EDTA, where both should be as close as possible to 2. Only high-

quality samples were chosen for further work.

2.6 Polymerase chain reaction and work with its products
26.1 Polymerase chain reaction

The Polymerase Chain Reaction (PCR) was used for in vitro amplification of
DNA fragments (Saiki et al., 1985). The reaction is based on the activity of a
thermostable DNA polymerase enzyme to amplify DNA that was denatured by
heating and primed by sequence-specific oligonucleotide primers using
provided dNTPs and in presence of Mg?* cofactor. Nuclease-free water was
used throughout to preserve DNA integrity. Eppendorf, Nexus MasterCycle
eco/gradient (Hamburg, Germany) PCR cyclers were used.

2.6.2 Taqg polymerase chain reaction

For uses such as strain validation, colony screening for a particular DNA
insertion, or checking for DNA contamination, PCR by Tag DNA polymerase
(New England Biolabs, Ipswich, US) was used. DNA template for PCR was
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prepared as in 2.5.1 or colony PCR was performed by using a single bacterial
colony diluted in 20 pl water as a template. Reactions were carried out in 10 pl
total volume containing 1x Standard Taq Reaction Buffer, 200 uM dNTPs, 1 uM
of each forward and reverse primer, 1 ul of DNA or colony template, 0.25 U Taq
DNA polymerase and water. The PCR reactions were prepared on ice and

transferred into a thermocycler. The cycling conditions for Taq were as follows:

Initial denaturation. 95°C, 30 sec (10 min if colony PCR)
Denaturation. 95°C, 15 sec

Primer annealing. 45-68°C, 30 sec

Template extension. 68°C, 1 min per 1 kb.

Steps 2-4 repeated 30 times

Final extension. 68°C, 5 min

Hold. 4°C

N o g M w D P

Primer annealing temperature was determined from its sequence. Pairs of
primers were designed to have similar lengths and a similar GC-content. For all
PCR types, primer annealing temperatures were determined using the melting
temperature calculator from New England Biolabs (tmcalculator.neb.com). An
annealing temperature gradient was used to find the optimal annealing

temperature.

2.6.3 High-fidelity polymerase chain reaction

For strain construction when no errors during DNA amplification are tolerated,
high fidelity Phusion® DNA polymerase (NEB, Ipswich, US) was used. This
enzyme has 50x higher fidelity than Taq due to its 3'— 5' exonuclease
proofreading activity (Frey & Suppmann, 1995). Plasmid template, extracted as
in 2.4.2, or a PCR product, purified as in 2.5.4, were used as a template.
Reactions were carried out in a 20 yl total volume containing 1x Phusion HF
buffer, 200 uM dNTPs, 0.5 uyM of each forward and reverse primer, 0.4 U
Phusion DNA polymerase, variable amount of DNA template and water. The
PCR reactions were prepared on ice and transferred into a thermocycler. The

cycling conditions for Phusion were as follows:
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Initial denaturation. 98°C, 30 sec
Denaturation. 98°C, 10 sec

Primer annealing. 45-72°C, 30 sec
Template extension. 72°C, 30 sec per 1 kb
Steps 2-4 repeated 35 times

Final extension. 72°C, 5 min

Hold. 4°C

N o g bk oD R

If required, additional steps taken to improve the specificity and yield of the
reaction: temperature gradient to find an optimal primer annealing temperature,
template and primer titration to find the optimal concentration of either, addition

of 3% DMSO to prevent DNA secondary structure formation.

2.6.4 Purification of PCR products

For the purpose of transformation into competent cells during strain
construction and for Sanger sequencing, PCR products were purified using
QIAquick PCR purification kit (QUIAGEN, Hilden, Germany) according to
manufacturer’s guidelines. Briefly, PCR was upscaled to obtain 100 pl of
product. 5 volumes of a high-salt buffer were added, and DNA was bound to a
silica membrane assembly by centrifugation. Ethanol buffer was used for
washing and DNA was eluted with 50 yl water. DNA concentration was
determined as in 2.5.5.

2.6.5 DNA agarose gel electrophoresis

To assess the quality and size of PCR products, samples were run on 1.5%
agarose gels made with TAE buffer (40 mM Tris, 20 mM acetic acid (Fisher,
Loughborough, UK), 1 mM EDTA). DNA was mixed with 10x loading dye (60%
glycerol (Fisher, Loughborough, UK), 0.1% bromophenol blue, 50 mM Tris-Cl
pH 7.5) prior to loading. HyperLadder 1 kb (Bioline, London, UK) was used as a
molecular size marker. The samples were electrophoresed through the gel for
about 40 min at 90 V, the gel was stained in GelRed Nucleic Acid Gel Stain
(Baotou, USA) for 30 min and viewed under UV light.
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2.7 DNA sequencing
2.7.1 Sanger sequencing of PCR products

Sanger sequencing was used when it was required to find out if the strain
construction was going correctly, providing the nucleotide base sequences of
those chromosomal loci where genetic rearrangements were introduced. The
region of interest was amplified using Tag PCR as in 2.6.2, the reaction was
upscaled, the PCR product was purified as in 2.6.4 and sent off for sequencing
along with product-specific primers. The sequencing was performed by Source
BioScience (Tramore, Ireland). The resultant sequence reads were compared
against the expected sequence using SnapGene software (GSL Biotech, San

Diego, USA; available at snapgene.com).

2.7.2 Whole genome sequencing

Whole genome sequencing was performed on final versions of the constructed
strains to ensure that no compensatory mutations were introduced into their
genomes. The sequencing was performed by the Sanger Institute (Hinxton,
Cambridge, UK) and MicrobesNG (Birmingham, UK) using Illumina next
generation sequencing technology on samples prepared as in 2.5.3. The output
reads were assembled using Velvet (Zerbino, 2010) and aligned to the
reference SL1344 sequence NC_016810.1 Breseq software (Deatherage &
Barrick, 2014).

2.8 Bacterial transformation with plasmid DNA
2.8.1 Preparation of electrocompetent cells

An overnight culture was diluted 1:100 in 25 ml of LB broth and grown to an
ODsoo of 0.4-0.6 at the standard growth conditions. Half of the culture was
centrifuged at 3220 x g for 10 min at 4°C. The bacterial pellet was resuspended
in 10 ml ice-cold water and centrifuged at the same conditions. The pellet was

resuspended in 1 ml of ice-cold water and centrifuged at 16000 x g for 10 min
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at 4°C. The wash was repeated twice and the pellet was resuspended in 200 pl
of ice-cold water.

2.8.2 Electroporation of electrocompetent cells with plasmid DNA

40 pl of electro-competent cells were mixed with 200 ng, 400 ng or 600 ng of
plasmid on ice and added to a pre-chilled 2 mm electrode gap width
electroporation cuvette (Cell Projects, Kent, UK). The cuvette was wiped dry,
placed into the Gene Pulser chamber (Bio-Rad, Dublin, Ireland) and an electric
shock was applied at 2.5 kV. 1 ml of warm LB broth was added immediately,
and the cells were allowed to recover for 1 h at the standard growth conditions.
150 pl aliquots were spread on LB agar selection plates containing an

appropriate antibiotic. Negative controls that contained no DNA were included.

2.9 Lambda-red recombination
29.1 Preparation of linear DNA for transformation

Linear DNA for transformation was prepared by amplifying a region of DNA
from a plasmid or a chromosome that is to be moved into a different location by
PCR with a pair of primers. Each primer contained an approximately 20 b.p.
section annealing to the 5' or the 3' end of the region to be moved and an had
an overhanging end of 40 b.p. complementary to a region on Salmonella
chromosome where the linear DNA was to be inserted. Phusion PCR was used
as in 2.6.3, the reaction was scaled up and its products were purified as in
2.6.4.

2.9.2 Induction of y, B8 and exo gene expression in pKD46

To transform Salmonella with linear DNA and ensure its incorporation into the
genome A-red-mediated homologous recombination was used as described
previously (Datsenko & Wanner, 2000). The method depends on the activities
of genes comprising the A-red system encoded on the plasmid pKD46. This

plasmid was transformed into a recipient strain, as in 2.8.2; the transformants
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were recovered and grown at 30°C, as pKD46 has temperature sensitive
replication. An overnight culture of the pKD46-carrying recipient strain was
diluted 1:100 in 50 ml of LB broth and grown to an ODeoo of 0.5 at 30°C, 200
rpm in the presence of carbenicillin and 100 mM arabinose to induce the

expression of the A-red system of pKD46.

2.9.3 Preparation of electrocompetent cells for transformation with

linear DNA and electroporation

To achieve higher transformation efficiency required for the incorporation of
linear DNA fragments into the Salmonella genome, a 50-ml recipient strain
culture was grown to an ODsoo of 0.5 as in 2.9.2. The cells were harvested by
centrifugation at 3220 x g for 20 min at 4°C and subjected to a series of washes
at 4°C with 20 min incubation on ice between the washes. The following
washes were carried out: 50 ml of water, 25 ml of water and 2 ml of 10%
glycerol. Finally, the cells were resuspended in 400 ul of 10% glycerol and
electroporated as in 2.8.2. Cells remaining after spread-plating were kept at

room temperature overnight.

294 Confirming the integration of linear DNA

Candidate colonies that appeared on selective agar plates after overnight
incubation were transferred onto an appropriate selection plate with sterile
toothpicks and incubated overnight at standard conditions to eliminate false
positives. If no candidate colonies were found, the remaining cells that were
kept at room temperature overnight were harvested by centrifugation,
resuspended in fresh LB broth, spread plated onto selective plates and
incubated overnight. Each toothpicked candidate colony was screened by PCR
as in 2.6.2, the PCR products were electrophoresed and visualised as in 2.6.5.
The successful integration of linear fragments was determined by correlating
sizes of the PCR products obtained using the same pair of primers between
candidate strains and the original unmodified strain with the predicted sizes. A
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candidate colony that was shown to have a correct integration by PCR was
sequenced by Sanger sequencing as in 2.7.1.

2.10 Generalised transduction with bacteriophage P22
2.10.1 P22lysate preparation

To obtain a high-titre lysate of a strain containing a desired mutation, an
overnight culture of a mutant strain was diluted 1:1000 in 25 ml of LB broth with
suitable selection and grown to an ODeoo of about 0.1. Next, 20 yl of P22 HT
105/1 int-201 lysate prepared on SL1344 WT was added and the culture was
incubated for a further 4 h at the standard growth conditions. 500 ul of
chloroform was added and incubated for 10 min at room temperature to kill any
surviving Salmonella cells. The lysate was centrifuged at 3220 x g for 10 min at
4°C to pellet cell debris. The lysate in the top layer was filter-sterilized with 0.22

Mm pore size filter and stored at 4°C in the dark.

2.10.2 Transduction by bacteriophage P22

P22 transductions were used to transfer mutations into a clean genetic
background (marker rescue) during strain construction and for the introduction
of selectable mutations made in a Salmonella background into any other
Salmonella recipient. 100 pl of an overnight culture of a recipient strain was
mixed with 100 pl of neat, 1:10 and 1:100 P22 lysate dilutions prepared on a
strain harbouring a donor fragment. Recipient-only and lysate-only controls
were included. The mixtures were incubated statically for 1 h at 37°C to allow
for transduction to proceed, plated on appropriate selection plates and
incubated overnight. Colonies from the plate with highest dilution of lysate were
picked for phage elimination.

2.10.3 Elimination of P22 pseudo-lysogens

To ensure that no phage is carried over into the transduced Salmonella culture,

pseudo-lysogens must be distinguished from true lysogens. Each transductant
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colony was streaked for single colonies on a green agar plate and incubated
overnight at 37°C. A light-green colony that is free of pseudo-lysogens was
picked for the second passage on a green plate, while dark blue colonies were
avoided. Dark blue colour development was due to pH indicator changing
colour in response to leakage of cellular contents caused by P22 lysis of the

pseudo-lysogens.

2.11 Removal of antibiotic resistance cassettes using pCP20-

mediated FLP site-specific recombination

During strain construction kanamycin and chloramphenicol resistance cassettes
were used when selecting for insertion of linear DNA into chromosome. These
antibiotic resistance cassettes had to be removed to enable further strain
construction steps. This was done using pCP20-mediated FLP site-specific
recombination (Cherepanov & Wackernagel, 1995). A strain from which a
resistance cassette had to be removed was transformed with pCP20, as in
2.8.2, with recovery at 30°C. If removing a KanR cassette, 150 pL of cells were
plated on a chloramphenicol or a carbenicillin plate. If removing a CmR cassette,
50 uL of cells were plated on carbenicillin plate. The plates were incubated at
30°C overnight. One colony was used to set up an overnight culture at 37°C
with no antibiotics (passage 1). The passage 1 was streaked for single colonies
on a plate without antibiotics, a carbenicillin plate to check for the removal of
pCP20 and on a kanamycin plate, if removing a KanR, or on a chloramphenicol
plate, if removing a CmR. The plates were incubated overnight at 37°C. If there
was growth on any of the selection plates, a colony from the plate with no
antibiotics was used to set up an overnight culture at 30°C without antibiotics
(passage 2). The same plating strategy as above was used to check for pCP20
and resistance cassette removal after the second passage. When there was no
growth on any of the selection plates, the strain was stored as a glycerol stock
at -80°C.

2.12 Manipulation of RNA in vitro
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2.12.1 DNase treatment of RNA

DNase | treatment was used to remove DNA contamination from RNA samples
extracted as in 2.5.4. RNA was diluted to 20 ug in 80 pul, denatured at 65°C for
5 min and kept on ice. 1x DNase | buffer including MgClz2 and 10 U DNase |
(ThermoFisher Scientific, Waltham, US) were added and incubated for 45 min
at 37°C. 100 pl of 1:1 acidic phenol : chloroform was added to DNase |
digestion samples, mixed and transferred to a phase-lock tube. RNA was
extracted by centrifugation at 16000 x g for 12 min at 15°C. The upper agueous
layer was harvested and RNA was precipitated by adding 2.5 volumes of 30:1
ethanol : 3 M sodium acetate pH 6.5 for 2 h or overnight at -20°C. RNA was
harvested by centrifugation at 16000 x g for 30 min at 4°C. The RNA pellet was
washed with 70% ethanol and dried at 37°C until translucent. The total RNA
was dissolved in 30 yl DEPC-treated water and its concentration was
determined as in 2.5.5. RNA was checked for DNA contamination by the end
point PCR.

2.12.2 Determining RNA integrity by gel electrophoresis

RNA was tested for integrity before and after DNase treatment by
electrophoretic separation on a Hepes/triethanolamine (HT) agarose gel
(Mansour & Pestov, 2013). 2% agarose gel was made in 1x HT Buffer (30 mM
Hepes (Fluorochem, Hadfield, UK), 30 mM triethanolamine) with addition of 400
mM of formaldehyde. 1x HT buffer was used as a running buffer. 5 parts of
RNA was mixed with 10 parts of HT loading dye (30 mM Hepes, 30 mM
triethanolamine, 0.5 mM EDTA, 0.02% bromophenol blue, 400 mM
formaldehyde, 10% glycerol) and 5 parts of formamide. The samples were
denatured at 65°C for 5 min, cooled down on ice for 5 min and loaded on a gel.
The gel was run for 2 h at 60 V, stained in GelRed for 30 min and viewed under

UV. Large rRNA species were assessed for integrity.

2.12.3 cDNA synthesis
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Total extracted and DNase | treated RNA was converted to cDNA using
GoScript™ Reverse Transcription System kit (Promega) according to
manufacturer’s guidelines. Briefly, 400 ng of DNase treated RNA was mixed
with 1 ul of random primers in 5 pl reaction. The RNA-primer mix was
denatured for 5 min at 70°C and cooled down on ice. A reverse transcription
mix was assembled on ice and added to the RNA-primer mix. No-reverse-
transcriptase and no-template controls were included. Primer annealing was
carried out for 5 min at 25°C followed by the extension for 60 min at 42°C. 100

Ml of nuclease-free water was added to obtain cDNA concentration of 3.33

ng/pl.

2.13 Assays based on quantitative polymerase chain reaction (qPCR)
2.13.1 cDNA quantification using Real Time gPCR

To determine the amount of mMRNA transcript from a specific gene at a
particular growth stage, total RNA was extracted as in 2.5.4, DNase treated as
in 2.12.1 and converted into cDNA as in 2.12.3. Then, 5.33 ng of cDNA in 20 pl
reaction was used as a template for Real Time quantitative PCR (RT-qPCR)
using 1x FastStart Universal SYBR Green Master (ROX) (Roche, Mannheim,
Germany) and gene-specific pair of primers (0.3 uM each) in 96-well plate
format. The FastStart Tag DNA Polymerase contained in the Universal Master
mix was used for PCR amplification of cDNA, while SYBR Green | dye emits
fluorescence at 530 nm when it intercalates with PCR products. During PCR,
the increase in SYBR Green | fluorescence is directly proportional to the
amount of double stranded DNA generated. For each pair of primers, a
standard curve was generated using 10-fold serially diluted gDNA extracted as
in 2.5.1 against which the concentrations of unknown samples were
determined. PCR and fluorescence detection were carried out in StepOne Real
Time PCR system (Applied Biosystems). Analysis was performed in the

accompanying software. The cycling conditions were as follows:

1. Activation of FastStart Tag DNA Polymerase. 10 min, 95°C
2. Denaturation. 15 sec, 95°C

3. Annealing and elongation. 1 min, 60°C
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4. Steps 2-3 repeated 40 times

2.13.2 RNA stability assay

Overnight cultures were normalized to an ODsoo of 0.003 in 25 ml of LB broth
and grown for 3.5 h or 7 h to represent mid-exponential and a transition from
exponential to stationary growth stages respectively. Degradation profiles of
MRNA were studied by applying transcription inhibitor rifampicin at 500 pg/ml in
5 min intervals, extracting RNA, DNase treating and converting to cDNA as in
2.5.4,2.12.1 and 2.12.3. To compare degradation rates of different mRNA
species, cDNA amounts were quantified by RT-gPCR as in 2.13.1 using
specific pairs of primers across untreated, 5-min, 10-min and 15-min post-

rifampicin-treatment samples.

2.13.3 gPCR primer validation

The gPCR primers that were used for the ihfA and ihfB gene expression
measurements, were validated to ensure that there was no cross-reactivity.
That is the pair of primers designed to anneal to ihfA does not anneal to ihfB
due to a degree of similarity in nucleotide composition between ihfA and ihfB
and vice versa. To rule this out, qPCRs of the single IHF subunit knockout
strains were carried out using the sets of primers for both ihfA and ihfB.as in
2.13.1.

2.14 Western immunoblotting
2.14.1 Protein lysate preparation for immunoblotting

An overnight culture was normalized to an ODeoo of 0.003 in 25 ml of LB broth
and grown to the required growth stage, typically early exponential, mid-
exponential, transition from exponential to stationary and early stationary
corresponding to 2 h, 3.5 h, 5 h and 7 h timepoints respectively. 2 ODsoo units
were collected by centrifugation at 3220 x g, 10 min, 4°C or 16000 x g, 1 min,

4°C depending on the volume, resuspended in 350 yl of PBS and transferred to
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a sonication tube. The sample was sonicated on ice with 10 rounds of
sonication pulses at an amplitude of 10 ym for 10 s with 30 s resting periods
between. The resulting lysate was transferred into a clean Eppendorf tube and
stored at -20°C.

2.14.2 Bradford assay

Protein concentration in whole cell lysates was determined by the Bradford
assay to ensure equal loading on a gel. The assay is based on a red-to-blue
colour change of Coomassie Brilliant Blue G-250 dye upon binding protein. The
colour change is proportional to the amount of protein in a sample and can be
measured spectrophotometrically at an absorbance of 595 nm. A 96-well plate
was filled with 100 ul of 2x Bradford reagent and mixed with 100 ul of protein
lysate samples diluted in PBS and the plate was read between 10 min and 60
min from mixing. Asgs of the diluted samples were compared against a standard
curve that was generated by serially diluting known amount of bovine serum
albumin (BSA) in PBS.

2.14.3 SDS-PAGE gel assembly

Proteins were separated according to their mass by sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE). Briefly, denatured proteins
bind to SDS in a gel that binds to them equally and equalizes their charge
densities. This allows proteins to be separated according to their mass but not
charge. First, proteins migrate through large pores of 5% acrylamide stacking
gel at a low voltage causing them to concentrate in a straight narrow band.
Then, they are separated by migrating through narrow pores of 12.5%
acrylamide separating gel at a high voltage. pH gradient between the stacking

and the separating gels leads to the stacking effect (Laemmli, 1970).

0.75 mm plates were cleaned and assembled for pouring the gel. Separating
gel (12.5% acrylamide (National Diagnostics, Atlanta, US), 375 mM Tris-HCI pH
8.8, 0.001% SDS, 0.001% APS, 0.0001% TEMED) was poured first and

overlaid with isopropanol to aid polymerisation. When polymerised, isopropanol
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was poured off, rinsed with water and separating gel (5% acrylamide, 82.5 mM
Tris-HCI pH 6.8, 0.001% SDS, 0.001% APS, 0.0001% TEMED) was poured
and comb was added. When polymerised, the gel was assembled in the
electrophoresis apparatus (Mini-PROTEAN system, BioRad, Hercules, US) and
1x running buffer (25 mM Tris base, 190 mM Glycine, 0.1% SDS) was added.

2.14.4 Loading and running SDS-PAGE gel

15 pl of 2x Laemmli buffer (4% SDS, 10% BME, 20% glycerol, 0.004%
bromophenol blue, 0.125M Tris-HCI pH 6.8) was mixed with normalized amount
of protein lysate according to results of the Bradford assay, as in 2.14.2, in a 30
I total volume in 0.5 ml PCR tubes. The samples were denatured by boiling at
100°C for 5 min. 15 ul of the samples were loaded into each well with long tips,
3 ul of the broad-range prestained protein ladder (NEB) was used as a
molecular marker, 5 pl of the Laemmli buffer was added into the empty wells.
The samples were electrophoresed at 50 V until eluted from the wells and dye

front linearized, and then at 150 V until the dye front was at the bottom of the

gel.

2.145 Transfer of protein to PVYDF membrane

To enable immunoblotting, proteins were transferred from the SDS-PAGE gel
onto a polyvinylidene difluoride (PVDF) membrane with 0.2 uM pore size
(Roche, Mannheim, Germany) by wet transfer. 1 litre of 1x transfer buffer (25
mM Tris base, 190 mM Glycine (Acros Organics, Geel, Belgium) with 20%
methanol) was cooled down in a fridge to 4°C. PVDF membrane was cut to the
gel size, activated in methanol for 1 min and soaked in transfer buffer for 10
min. 6 pieces of Whatman 5 filter paper were cut to the gel size and soaked in
transfer buffer for 10 min. After electrophoresis was completed, the SDS-PAGE
gel was briefly soaked in transfer buffer. The blotting sandwich was assembled
in the following order from the cathode: 3 pieces of filter paper, gel, membrane,
three pieces of filter paper. The blotting sandwich was secured in an

electrophoresis tank, placed on ice and electrophoresed for 2 h at 300 mA.
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2.14.6 Coomassie blue staining of SDS-PAGE gels

Staining of separated proteins on the SDS-PAGE gel is a way to check
retrospectively if sample loading was equal and to compare protein profiles
between samples. The gel was rinsed briefly in distilled water and stained in
Coomassie blue (0.1% Coomassie Brilliant Blue R-250, 50% methanol, 10%
glacial acetic acid) for 1 h, gently rocking. After the stain was removed, the gel
was destained in 10% acetic acid for 10 min. The fresh 10% acetic acid was
added, and the gel was destained overnight. When the staining intensity was

deemed optimal, the gel was photographed.

2.14.7 Ponceau S staining of the membrane

To ensure that efficient transfer of proteins to membrane had occurred before
proceeding with immunoblotting steps and to ensure equal loading, the PVDF
membrane was stained with Ponceau S stain — negatively charged red stain
that reversibly binds to positive and non-polar regions of proteins. This activity
does not affect properties of membrane-bound proteins and thus further steps
in Western immunoblotting. The membrane was flooded with Ponceau S
solution, incubated for 5 min gently rocking, rinsed briefly with distilled water to
wash off excess stain and viewed. The membrane was photographed. To
destain, the membrane was flooded with 0.1 N NaOH and rinsed further with

water.

2.14.8 Blocking and probing the membrane with protein-specific

antibodies

To probe for a specific antigen among proteins present on a blotting membrane,
the membrane was incubated with a primary antibody specific for that antigen.
To visualise an antigen-primary antibody complex, the membrane was
incubated with a secondary antibody that is specific for the primary antibody

and in turn visualised using a chemiluminescent assay.
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The membrane was blocked with blocking buffer (5% skimmed milk powder,
PBST (PBS, 0.01% Tween-20 (Acros Organics, Geel, Belgium))) for 1 h, gently
rocking. Experimental primary antibody and anti-DnaK antibody were diluted in
the blocking buffer. Primary experimental antibodies — mouse anti-FLAG and
mouse anti-Myc were used at 1:20000 dilution, mouse anti-H-NS was used at
1:1000, mouse anti-RpoD (Neoclone, Madison, US) was used at 1:20000 and
were reused multiple times. Primary mouse anti-DnaK (Enzo Life Sciences,
New York, US) that served as a loading standard was used at 1:100000 and
was added freshly each time. The membrane was incubated with the primary
antibody mix for 16 h.

After the primary antibody was decanted, the membrane was washed in PBST
3 times for 2 min each. Horseradish peroxidase (HRP)-conjugated goat anti-
mouse secondary antibody (Bio-Rad, Hercules, US) was diluted 1:5000 in
blocking buffer and incubated with the membrane for 90 min gently rocking. The
membrane was washed in PBST 3 times for 2 min each, followed by one 2 min
wash in PBS.

2.14.9 Visualisation of the chemiluminescent signal

Enhanced chemiluminescence (ECL) components luminol and peroxide
formulations (Pierce™, Fisher, Loughborough, UK) were mixed 1:1. The ECL
solution was applied to the membrane and it was sealed between plastic
sheets. The reaction was allowed to proceed for 5 min in the dark, after which
the chemiluminescent signal from the protein bands was visualised on the
ImageQuant LAS 4000 imager. ImageJ software (available to download at

imagej.nih.gov) was used to quantify protein bands by den